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FOREWORD
This is the final report for Contract NAS 7-697, Heat Pipe Technology
for Advanced Rocket Thrust Chambers. The work reported was performed during
the Period 1 July 1970 to 31 July 1971. The program was conducted for NASA/JPL
by the Engine Components Department of Aerojet Liquid Rocket Company, Sacramento,
California. Major portions of the heat pipe design, fabrication, and testing
work were done on a subcontract by the Special Power Devices Engineering Depart-
ment, RCA Corporation, Lancaster, Pennsylvania. The JPL technical manager was
R. W. Riebling and the NASA project manager was F. E. Compitello. At Aerojet,
the program manager was N. E. Van Huff and the project engineer was D. C. Rousar
and the technical consultant was R. J. LaBotz. The RCA subcontract management
consisted of R. W. Longsderff, project engineering leader, and R. A. Freggens,
project engineer. Significant contributions to this program were also made by
G. Y. Eastman and W. E. Harbaugh at RCA and by the following ALRC personnel.
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I. INTRODUCTION AND SUMMARY
This report documents the work performed during the follow-on portion
of Contract NAS 7-697. The initial program work was previously reported in
Reference 1. The objective of the program was to evaluate adaptation of the
heat pipe principle to the cooling of rocket engine thrust chambers. Concept
evaluation studies for a 4448 N thrust, 689.5 kN/m chamber pressure, OF2/B2H62 2 6
thrust chamber were conducted previously and a regeneratively cooled concept
(sketched in Figure 1) was chosen.
In the regeneratively cooled system, the heat pipe performs a heat flux
transformer and heat flux averaging function so that propellants that are considered
poor coolants may be used to regeneratively cool thrust chambers with high
heat fluxes. The heat pipe evaporator, which is located at the thrust chamber
wall, consists of a structural layer backed by a wick containing liquid working
fluid. Heat from the combustion gases evaporates the working fluid and the
vapor flows outward to the propellant-cooled condenser where the heat flux
transmitted to the coolant is much lower than the peak thrust chamber heat flux
and is relatively uniform. The condenser is comparatively easy to cool as a
result of this low, uniform heat flux and the cooling limits due to critical
heat flux and pressure drop are much less severe. The heat pipe also acts as
a "heat distributor", in that local regions which tend to become hot will
receive less heat, and this mechanism prevents coolant passage burnout.
The specific thrust chamber concept considered during this follow-on
program consists of an annular-shaped heat pipe that operates with sodium
working fluid. The condenser wall is cylindrical and is regeneratively cooled
with diborane, which enters the cooling jacket as a subcooled liquid and exits
as a superheated gas.
Although the initial propellant system considered was OF2/B2H6, the heat
pipe principle is by no means limited to this combination and future work could
include application studies for other propellant combinations (FLOX/NMH and
F2/N2H4, for example).
Pagel 9
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I, Introduction and Summary (cont.)
The major problem areas to be contended with in applying the heat flux
principle to thrust chamber cooling are evaporator heat flux limits, fabrica-
tion capabilities, and startup. Work on this program has emphasized the
investigation of heat flux limits and the demonstration of fabrication
capabilities.
The specific work performed on this follow-on program consisted of
advanced design analysis (Task 4), evaporator wick development (Task 5), pre-
liminary thrust chamber design (Task 6), injector design and fabrication
(Task 7), and documentation (Task 8). The initial goal of the follow-on program
was to design and fabricate a heat-pipe-cooled thrust chamber capable of
operating with space storable propellants. However, the thrust chamber design
work was de-emphasized so that efforts could be concentrated on the development
of heat pipe wicking systems capable of operating at high heat fluxes.
The wick development work consisted of design, fabrication, and testing
of cylindrical sodium heat pipes similar to those shown in Figures 2 and 3.
Eight heat pipes were tested at heat fluxes up to 650 watts/cm2 (4 Btu/in.2-sec).
In seven of the eight heat pipes, the evaporator consisted of a layer of
sintered nickel powder, and one of the evaporators was a composite screen
structure. During the testing, wick degradation problems were encountered in
the form of black deposits and wick erosion. The occurrence of this wick
degradation was related to oxygen contamination and the problem was solved by
distillation loading of the sodium heat pipes and by incorporating zirconium
oxygen-getters into the internal heat pipe design. Careful cleaning procedures
were an additional requirement to avoid contamination. The wick development
work is discussed in detail in Section III of this report.
An injector for testing the first heat-pipe-cooled thrust chamber was
designed, fabricated, cold-flow tested, and delivered to JPL for checkout
testing with the copper thrust chamber delivered to JPL previously on Contract
Page 2i10
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I, Introduction and Summary (cont.)
NAS 7-713. For reasons of testing economy, this injector simulates the
OF2/B2H6 wall heat transfer by utilizing FLOX (70 wt% F2, 30 wt% 02) and gaseous
hydrogen propellants. The injector work is described in Section IV.
In the preliminary thrust chamber design work, detailed design concepts
for a thrust chamber heat pipe and the condenser cooling jacket were estab-
lished and analyzed. In addition, potential problem areas were identified and
evaluated. The preliminary design work is discussed in Section V.
The advanced design analysis work under Task IV applied specifically
to the wick development, preliminary design, and injector work and has been
included in the appropriate sections. Several conclusions and recommendations
were established as a result of the work on this program and they are listed
in Section II. Two appendices, also included in this report, document a
computer program for cooling jacket thermal design (Appendix A) and a thermo-
couple error analysis (Appendix B).
Page.3_
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II. CONCLUSIONS AND RECOMMENDATIONS
1. The evaporator wick degradation which occurred during the testing
of sodium/nickel heat pipes (black deposits and wick erosion) was related to
the presence of oxygen contamination within the heat pipe.
2. The wick degradation problem was eliminated by: (1) distillation
loading of the heat pipe, (2) placing zirconium "getters" inside the heat pipe,
and (3) following the fabrication procedures outlined for Heat Pipe 14 in
Section III,C,7.
3. Heat pipes which are free from contamination can be operated
normally up to substantial heat flux levels. During testing on this contract,
normal operation was observed at heat fluxes up to 797 watt/cm (4.9 Btu/in. 2-sec)
with Heat Pipe 7 and 433 watt/cm (2.66 Btu/in. -sec) with Heat Pipe 14.
4. Of the heat pipe designs tested which are applicable to a thrust
chamber heat pipe, Heat Pipe 14 yielded the best performance. The major design
features of Heat Pipe 14 were: (a) sintered nickel powder evaporator wick,
(b) platelet liquid return feeders, (c) screen condenser wick, (d) carefully
made screen joints connecting the feeders to the condenser and evaporator wicks.
5. Degradation of sintered nickel powder wicks will occur in sodium
heat pipes if the wick is allowed to dry out locally and overheat.
6. Future heat pipe testing should emphasize the use of an annular
geometry so that the mechanical problems inherent to flat evaporator walls are
avoided, and the test results will be more directly applicable to the thrust
chamber configuration.
7. The following heat pipe design features are recommended for future
high heat flux work with annular heat pipes: sintered powder and screen
evaporator wicks, platelet-type feeders, screen condenser wicks, argon gas
loading.
12
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II, Conclusions and Recommendations (Cont.)
8. A study of the applicability of the heat-pipe-cooled thrust chamber
concept to engines utilizing propellants other than OF2/B2H6 is recommended.
The F2/N2H4 and FLOX/MMH systems, for example, present potential applications.
An advantage of the F2/N2H4 heat-pipe-cooled thrust chamber is that a short
N2H4 monopropellant burn could be utilized to thaw the heat pipe and heat it to
its operating temperature.
9. The heat pipe testing and preliminary design work indicate that
the heat-pipe-cooled concept is feasible and the heat pipe performance is
limited by the heat flux capability of the wick system. Hydrogen permeation
represents another potential problem that should be considered in future work.
13
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III. EVAPORATOR WICK DEVELOPMENT
A. OBJECTIVE AND SCOPE OF WORK
The objective of the wick development task was to further investi-
gate the heat flux capabilities of the wick concepts which appeared the most
promising for thrust chamber applications as indicated by 
previous work. Tests were conducted on eight cylindrical I
in design to the seven heat pipes tested previously. The 
sodium and the heat pipe components were fabricated from 2(
Some of the heat pipes were inert-gas-loaded with argon. 
are described in Reference 1 (Heat Pipes 1, 2, 3, 4, 5, 6
(Heat Pipes 8, 9, 10, 11, 12, 13, 14 and 15). The general
heat pipes is depicted in Figures 2 and 3. The heat flux
(6.12 Btu/in. -sec) which corresponds to the maximum heat 
FLOX/H2 or OF2/B2H6 thrust chamber operating at 4448 N thru
chamber pressure without film or barrier cooling.
the results of the
heat pipes similar
working fluid was
00 series nickel.
The heat pipes tested
and 7) and in Table 1
configuration of the
goal was 1000 watt/cm2
flux expected for a
ust and 689.5 kN/m2
During the previous testing, the highest heat fluxes were achieved
using sintered nickel powder evaporator wicks. The best performance was
obtained with Heat Pipe 7 which contained a 0.178-cm- thick sintered nickel
powder wick. The Heat Pipe 7 design is diagramed in Figure 2 and the evaporator
wall temperature and heat flux data are shown in Figure 4. These data indicate
normal operation up to 797 watt/cm2 (4.9 Btu/in. 2-sec) heat flux as the
evaporator midpoint temperature is about equal to the predictions from one-
dimensional axial conduction theory. (The low temperature measured 1.9 cm
from the evaporator midpoint was probably caused by two-dimensional conduction
and sodium subcooling effects.) The beginning of a temperature excursion is
evidenced by the data at 805 watt/cm2 heat flux and further heat flux increases
produced burnout of the evaporator wall.
As a result of this previous successful testing, the sintered
powder design was the basis for most of the evaporator wick designs tested on
the follow-on program. Sintered nickel powder evaporator wicks were utilized
14Page 6Page 6
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III, A, Objective and Scope of Work (cont.)
in seven of the eight heat pipes tested (Heat Pipe 8, 9, 10, 11, 12, 13 and 14).
The best performance was obtained with Heat Pipe 14 which was operated to a
heat flux of 652 watt/cm2 (4 Btu/in.2-sec); however, abnormal operation was
observed with Pipe 14 at heat fluxes greater than 433 watt/cm (2.66 Btu/in. -sec).
High performance levels have not been achieved with screen wicks;
however, screens may be advantageous from the standpoint of thrust chamber
fabrication and may also be less susceptible to contamination effects. For
these reasons, a composite screen wick was tested in Heat Pipe 15.
The evaporator wick development work was performed by both the RCA
Corporation, which functioned as a heat pipe subcontractor and performed all
the heat pipe testing, and the Aerojet Liquid Rocket Company. The work break-
down is as follows: Heat Pipes 8, 10 and 11 were designed and fabricated by
RCA; Heat Pipes 9, 12 and 13 designs were established jointly by ALRC and RCA
and the units were fabricated by RCA; Heat Pipe 14 was also a joint design
effort and was fabricated by ALRC with certain components supplied by RCA;
Heat Pipe 15 was designed and fabricated by ALRC.
The philosophy of the test plan followed was to develop the high
heat flux wick system in an evolutionary manner because the scope of the program
was not sufficient to allow separate evaluations of the fundamental design
variables, operating parameters and fabrication techniques. For this reason,
the specific heat pipe design and test results are presented and discussed in
chronological order in Section III,C of this report. The design features of
each heat pipe and the maximum heat flux data are summarized in Table 1, and
more detailed tabulations of the test data are given in Table 2. Additional
discussions of the results are presented in Section III,D. The test apparatus
and procedures are described in the following section.
P 5
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III, Evaporator Wick Development (cont.)
B. TEST APPARATUS AND PROCEDURES
1. Heat Pipe Design and Operating Conditions
The test heat pipes were cylindrical in geometry and were
constructed from a length of 3.8-cm-OD tubing about 15 cm long. The evapora-
tor wicks were located on one of the flat ends of the cylinder while the con-
denser wicks were fabricated from 60 or 120 mesh nickel screen and positioned
on the cylindrical surface. The general configuration of the heat pipes tested
is shown in Figure 3, which is a sketch of Heat Pipe 12. The design of the
other heat pipes differed from this somewhat in that different evaporator designs
and condenser cooling systems were utilized. In addition, some heat pipes were
controlled by inert gas pressurization while others were not, and some were
"processed" prior to final closure and testing. The specific design details of
each heat pipe are given in Section III,C and the major design features of each
are summarized in Table 1.
Initial tests were conducted using water as the condenser
coolant. However, the demand for greater thermal load variation prompted the
use of argon, helium, and nitrogen gas for low power level testing, and the use
of a nitrogen gas/water mixture at higher power levels. In most of the heat
pipes, chromel-alumel thermocouples were installed inside the evaporator wall
and along the length of the heat pipe. The thermocouple measurements were used
to evaluate the heat pipe performance and operating conditions.
All the heat pipe designs tested were nearly prototype in that
the liquid return wicks (through which liquid sodium replenished the evaporator
wick) were positioned within the heated zone of the evaporator. Note that this
was not the case in the work reported previously. The majority of testing was
done with screen return wicks; however, a return structure fabricated from
photoetched plates was utilized in the Heat Pipe 14 and 15 designs. All testing
16
Page 8
Report 697-F
III, B, Test Apparatus and Procedures (cont.)
was done with the heat pipe in a horizontal position (evaporator wick vertical)
with the evaporator end elevated a few degrees above horizontal so that any
excess sodium would accumulate in the condenser end of the heat pipe.
The desired range of heat pipe temperature (the vapor tempera-'
ture just above the evaporator) was established as 870 to 920°K (about 1100 to
12000F) based on the following considerations:
(1) Previous testing indicated that high heat flux levels
could be achieved in this temperature range (Heat Pipe 7).
(2) Lower temperatures are not advisable because heat flux
limits due to sonic flow and evaporation kinetics
approach 1000 watt/cm2 (the program goal) at tempera-
tures below 8700K. The sonic flow limit published by
LASL (Ref 2) and the evaporation limit estimated by RCA
are shown in Figure 5.
(3) Higher temperatures are not desirable because excessive
wall temperatures become difficult to avoid. For example,
if the total thickness of the wick and wall is about
0.1 in., a wall temperature of 1250 to 1300°K (about
1800 to 1900°F) would be expected at 1000 watt/cm2 heat
flux and 870 to 920°K heat pipe temperature.
The vapor temperature range of 870 to 920°K corresponds to a sodium vapor
pressure of approximately 2.7 to 6.6 kN/m (20 to 50 mm Hg).
2. Electron Bombardment Heater
The evaporator end of the heat pipe was heated in a vacuum
atmosphere by electron bombardment from a thoriated tungsten heater. The
evaporator wall was electrically connected so that it was positive with respect
to the heater, thus forming the equivalent of a vacuum diode. Heat input to
the evaporator was controlled by adjustment of the voltage between the heater
and heat pipe. The heater filament design used previously was modified to
Page 9
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III, B, Test Apparatus and Procedures (cont.)
2permit operation at heat fluxes up to 1230 watt/cm . This increase in heat
flux capability necessitated the addition of heater wire turns to accommodate
the increased current density demands. The resulting decrease in wire spacing
probably improved heat input uniformity on the evaporator. The modified heater
element design is shown in Figure 6. A drawing of the heater assembly
installed on Heat Pipe 12 is given in Figure 7. The heater filament was posi-
tioned parallel to the evaporator wall and about 0.25 cm from it.
An electrostatic field plot of the heater electrode configura-
tion was employed to determine the evaporator area that would be actively heated
by the heater. The consequent flux lines which intersect the equipotential
lines at right angles are plotted in Figure 8. Since electrons tend to follow
flux lines, the area heated will be encompassed by the outermost flux lines.
The heated area was determined to be 6.11 square centimeters from this plot.
In a second method of evaluation, a 0.071-cm- thick molybdenum disk was subjected
to steady-state electron bombardment from the heater and the temperature pro-
file across the face of the disk was measured using optical instruments. A
sketch of the disk and the temperature measurements are shown in Figure 9. The
temperature gradient across the face was reasonably uniform and is in approxi-
mate agreement with the previous heater test data (Ref 1) from which the heat
flux uniformity was estimated as +10%. A heated area of 6.49 sq cm was deter-
mined from observations of the disk and this area was used to calculate all
heat flux values given in this report. Heat input to the evaporator was
calculated from electrical measurements assuming that all of the electron
bombardment energy and 40% of the filament heating power were absorbed by the
evaporator. Calorimetric measurements with Heat Pipe 8 showed this input heat
value was within 6% of the calorimetric value and therefore sufficiently
accurate.
18
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III, B, Test Apparatus and Procedures (cont.)
3. Test System
The test system used for the heat pipe testing was basically the
same as that employed previously (Ref 1) and a schematic diagram of it is shown
in Figure 10. The basic elements of the test system are a vacuum system, a bell
jar, the heater power supply, the condenser coolant system, and a recorder for
measuring thermocouple outputs. The entire heat pipe and heater assembly was
enclosed inside a 46 cm dia x 76 cm high pyrex vacuum bell jar and evacuated
to approximately 1.3x10
-
7 kN/m2 during testing. The test facility was also
equipped with an auxiliary vacuum and gas dispensing system to permit gas loading
(Research Grade Argon) of the heat pipe. This auxiliary system included metering
and control valves for pressure control of the system.
Auxiliary heaters (nichrome wire insulated with ceramic beads)
were used for heating the condenser end during start-up and under special test
conditions.
4. Test Procedures
The following general procedure was followed after "processing"
or "wetting in" operations were completed:
(1) Preheat test device using radiation from filament until
vapor temperature is 4700 K. (Open gas port and adjust
gas pressure to desired value prior to heating if device
is gas-loaded.)
(2) Increase electron bombardment power to yield 100 watt/cm2
heat flux. Add gas/water cooling to condenser load as
needed.
Page 11
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III, B, Test Apparatus and Procedures (cont.)
(3) Adjust power density until stable condition is achieved.
(The heat pipe temperature was controlled by the gas-
pressure setting on the gas-loaded heat pipes and by
the condenser thermal resistance in non-gas-loaded heat
pipes.)
(4) Increase the heat flux incrementally until an evaporator
wall temperature excursion is observed or some other
testing limit is reached. Adjust gas/water coolant as
needed for control of heat pipe temperature or the
position of the vapor/gas interface.
Page 12
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I[I, Evaporator Wick Development (cont.)
C. SPECIFIC HEAT PIPE DESIGNS AND TEST RESULTS
1. Heat Pipe 8
a. Design and Fabrication
The Heat Pipe 8 design is shown in Figure 11. The
evaporator wick design was the same as Heat Pipe 7 except that an additional
liquid return wick was added near the center of the evaporator wick. As in
Heat Pipe 7, the evaporator wick consisted of a 0.178-cm-thick layer of
sintered nickel powder. The "center-feed" return wick bottomed out on the
evaporator wall and was positioned so that the calculated wicking limit of
the center and the outer annulus area of the evaporator were about the same
(1300 watt/cm ). The condenser and return wick structure were fabricated
from 120 mesh nickel screen.
Other new features incorporated into this design were:
(1) A flexible condenser thermal resistance arrangement
consisting of three separate cooling circuits.
(2) A 0.089-cm-thick evaporator wall which yields a
more prototype evaporator thermal resistance than
the 0.232-cm-thick wall utilized on most of the
other heat pipes.
Evaporator wall instrumentation consisted of three
0.0254 cm diameter sheathed chromel-alumel thermocouples inserted into holes
which were drilled so that junctions were located on the center line of the
two evaporator regions and under the center feeder as shown in Figure 12.
The thermocouple junction center lines were located about 0.0444 cm from the
wick/wall interface.
... 21
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III, C, Specific Heat Pipe Designs and Test Results (cont.)
Significant fabrication problems were encountered with
Heat Pipe 8. These were related to: (1) the thin evaporator wall, (2) the
small thermocouple diameter, (3) maintenance of uniform wick thickness, and
(4) attempts to braze the evaporator wall thermocouples in place. Time consuming
hand operations (polishing, lapping) were required to obtain a uniform
evaporator wall thickness. In addition, the thin wall design was conducive
to welding difficulties due to the small clearance between the thermocouple
hole and the edge of the evaporator wall where a weld seam was required.
A small thermocouple diameter was necessary because of the thin wall thick-
ness and the required diameter thermocouple holes were difficult to drill
because of the long lengths required.
It appears that the difficulty encountered in obtaining
uniform wick thickness was related to furnace vibration and to the limited
area available for pouring the powder onto the evaporator wall after the
return wick/condenser wick assembly had been installed. The area through
which the powder was poured is shown in Figure 13. Some improvement in
thickness uniformity was obtained by changing furnaces; however, post-test
inspection revealed that the problem had persisted and was difficult to
detect when the heat pipe was assembled.
It was desired initially to braze the evaporator wall
thermocouples in place so as to minimize installation errors. This was done
in the first evaporator fabrication attempt. The thermocouples were brazed
into the holes using a 40-nickel/60-palladium alloy (braze temperature -
1511°K or 2360°F) and the electron bombardment heater as a heat source.
It appears that the braze alloy adversely affected the mechanical properties
of the thermocouples as the thermocouples broke off during subsequent fabri-
cation operations.
22Page 14Page 14
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III, C, Specific Heat Pipe Designs and Test Results (cont.)
Heat Pipe 8 fabrication was completed using the fol-
lowing procedure:
(1) Electron Beam weld evaporator disk to the heat
pipe cylinder.
(2) Assemble mesh screen liquid return subassembly
into heat pipe cylinder.
(3) Cast nickel powder for evaporator wick into device.
(4) Braze condenser water loads into condenser area of
heat pipe cylinder.
(5) Load heat pipe with solid sodium in a "dry box"
(under argon atmosphere)
(6) TIG weld aft end cap (opposite the evaporator)
in place.
(7) Install three evaporator thermocouples and five
condenser thermocouples (no brazing).
The Heat Pipe 8 components are shown in Figure 14 prior
to final assembly and Figure 15 shows the completed assembly.
b. Testing
Testing of Heat Pipe 8 commenced by "RCA processing" of
the unit. During these processing operations, the heat pipe was slowly heated
until the vapor temperature was about 1070°K and operated for about 1/2 hour
with the small closure tube located on the aft end cap open so that a small
amount of sodium could escape. The tube was then sealed. During initial
processing of Heat Pipe 8, a sodium leak developed at the center evaporator
thermocouple hole after the heat pipe temperature had been increased to about
1070°K. The unit was removed from the test mount and the leak was repaired by
...Page 15
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welding. The assembly was then remounted vertically and processing was com-
pleted. The heat pipe was then remounted in a horizontal position and at
this time it was observed that the evaporator had bowed outward approximately
0.05 cm. The evaporator was mechanically flattened and the device remounted
for testing. During subsequent testing, the evaporator showed signs of poor
performance since thermocouples No. 2 and 3 were substantially higher than
expected as shown in the following sketch. A burnout of the evaporator wall
occurred when the heat flux was 229 watt/cm (1.4 Btu in. -sec) at the loca-
tion noted. A photograph of the burnout is given in Figure 16.
HEAT PIPE 8 T2 - 1143°K (1598°F)
g / ' TI - Not operable
T3 - 10330 K (1400-F)
/ ,'v Approximate location of
"/ ,' > / / burnout
\'--- J / Heat flux = 229 watt/cm2
(1.4 Btu/in.2 -sec)
T1D = 839°K (1155°F)
In post test operations, the sodium was removed and the
evaporator was cut away from the heat pipe body. It is shown in post test
condition in Figure 17. Examination of the wick showed that the nickel pow-
der was very porous in the area of the center liquid return feeder. This
porosity was almost symmetrical around the feeder and extended outward to
the point of burnout. It appears that the porosity may have resulted from
an intermetallic alloying reaction. Some reaction was also observed in the
outer fluid return wick structure. This reaction probably occurred due to
contamination of the heat pipe via the thermocouple hole in the evaporator
Page 16
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wall where the sodium leak was noted during initial processing. Another
undesirable feature observed on the evaporator wick was that the thickness
was not uniform and varied by about +0.04 cm from the nominal value. As
a result of these irregularities, it is believed that a valid evaluation of
the Heat Pipe 8 wick system was not obtained.
2. Heat Pipe 9 and 9A
a. Design and Fabrication
Preliminary thrust chamber design studies were conducted
in parallel with the Heat Pipe 8 work. As a result of these studies and the
difficulties encountered with Heat Pipe 8, it was decided that Heat Pipe 9
would be designed to incorporate features more applicable to the working model
thrust chamber and less likely to produce testing problems. In the initial
design considered for Heat Pipe 9, the liquid returned to the evaporator
through feeder wicks which consisted of two rectangular-shaped screen struc-
tures formed by spot welding nine layers of 120 mesh screen together. As
shown in Figure 18, the feeders were joined to the cylindrical condenser wick
on one end and to plate-type wick holders on the other. These plate structures
were positioned across the top of the 0.178-cm-thick sintered nickel powder
evaporator wick in the manner shown in Figure 19 and were spot-welded to
0.025-cm-diameter wires cast into the evaporator wick. The condenser wick
was constructed from four layers of 60 mesh screen.
The exterior configuration of Figure 20 was chosen for
Heat Pipe 9 so that existing hardware could be utilized. The evaporator wall
thickness was increased to 0.152 cm so as to avoid the thin wall fabrication
problems and provide more structural rigidity. The evaporator wick was
'' 25
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sintered onto the evaporator wall before the wall was welded in place. The
sintering of the wick was done inside a stainless steel mold so that good
thickness uniformity was obtained.
The initial design was fabricated, and during the pro-
cessing of it, severe sodium leaks occurred around the thermocouple to be
used for the measurement of sodium vapor temperature. As a result of this
difficulty, it became necessary to replace the entire wick assembly since
interior contamination of the heat pipe was considered very likely to have
occurred. Following a review of this problem and the initial design it was
decided that the replacement heat pipe design, designated Heat Pipe 9A,
would be modified in the following manner:
(1) The evaporator wall and vapor temperature thermo-
couples were deleted so as to eliminate the thermo-
couple fabrication problems and expedite the
fabrication. Exterior thermocouples were added
on the adiabatic wall above the evaporator for
measuring heat pipe vapor temperature.
(2) Grooves into which the return wicks are placed
were incorporated into the evaporator wick design
so that some bowing of the wall could occur without
disastrous results. The grooves were 0.076 cm
deep and included shoulders near the edges of the
evaporator wick so that a clearance of 0.005 to
0.018 cm was maintained between the bottom of the
feeder and the bottom of the groove. This revised
evaporator/feeder design is shown in Figure 19.
(3) The liquid return path provided by screen layers
installed between the condenser and evaporator
wicks along the cylindrical surface was inter-
rupted so that liquid could return to the evaporator
only through the screen-plate feeder.
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The fabrication of Heat Pipe 9A was accomplished and the unit was loaded with
228 grams of sodium and "processed" at an average heat flux of 150 watts/cm2.
Loading and processing were done using essentially the same procedures outlined
for Heat Pipe 8.
b. Testing
Heat Pipe 9A was tested in a horizontal position
(evaporator vertical) with the two parallel liquid return feeders at about
a 45° angle. Burnout of the evaporator wall occurred near the center of the
evaporator at 234 watt/cm2 (1.43 Btu/in.2-sec) heat flux. Adiabatic wall
temperatures of 858°K (1085°F) and 756°K (1085°F) were measured 0.3 cm and
2.2 cm above the evaporator surface at the maximum heat flux. Post-test
examination revealed the raised area or "blister" in the evaporator wick
shown in Figures 21 and 22.
It is believed that the burnout occurred because the
liquid feeders did not operate properly and that the raised wick area was
formed either by flashing of superheated vapor or by thermal stresses produced
by local overheating of the wick. Furthermore, it is believed that the wick
was wetted only in the immediate area of the feeders and that heat transfer
within the evaporator consisted of conduction to the vicinity of the feeders
and then sodium evaporation in the usual heat pipe manner (the adiabatic wall
temperature data indicate heat pipe action did occur).
This postulated behavior is indicated by one-dimensional
conduction calculations performed assuming that part of the wick is dry. For
this condition, the temperature drop from the heated surface at evaporator
midpoint to the feeders may be estimated from Equation 1 (nomenclature defined
at the end of this report).
Page 1 9
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AT = (AT) lateral + (AT)axial Eqn (1)
The (AT)axial value is the temperature drop that would occur if the evaporator
operated normally and is given by:
(AT)axial = [() wall + ()wick Eqn (2)k wallk) wick]
The (AT) lateral value represents the temperature drop which occurs in the
dry region of the evaporator in the direction perpendicular to the feeders
and can be derived from an evaporator wall energy balance (neglecting axial
conduction effects) as shown on Figure 23. The resulting expression is:
(AT)lateral = 2 k t Eqn (3)
k teff
For Heat Pipe 9, the appropriate AT value was taken to
be the difference between the melting point of nickel and the measured
adiabatic wall temperature. Solving equation (1) for 2x (the total dry zone
width) yields a value of 1.8 cm which corresponds to the 1.75 cm spacing
between feeders. Therefore the conduction calculations indicate that the
evaporator wick was dry. However, it is believed that heat pipe action
occurred in a limited area in the vicinity of the feeder.
The inadequate feeder performance probably occurred
because the pressure difference between the sodium vapor above the evaporator
and the sodium liquid at the feeder outlet was too great for a meniscus in the
groove to support. Consequently only a small area of the groove was available
for feeding the wick and a correspondingly large pressure drop occurred in the
liquid circuit at this point.
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3. Heat Pipe 10
a. Design and Fabrication
The Heat Pipe 10 design incorporated the sintered
evaporator wick and screen feeders utilized in Heat Pipe 9A; however, these
two components were joined together utilizing a different fabrication technique.
The design of the evaporator and the feeder/evaporator joint is illustrated in
Figure 24. The evaporator wick structure was modified to include two ribs
which protruded 0.1 cm above the wick surface. Four layers of 120 mesh
screen were spot-welded together and cast into each rib to about the level of
the evaporative surface. The liquid return feeders, consisting of twelve
120 mesh layers spot-welded together, were then spot-welded onto the four
cast-in-place layers in a "tongue-in-groove" fashion. This design provides a
continuous flow path for the returned condensate and removes the feeder/
evaporator joint from the superheated region of the wick. In addition, it
more closely approximates the liquid return design features of Heat Pipe 7.
It was also necessary to utilize the 0.236-cm-thick evaporator wall used
previously (Ref 1) so that 0.051-cm-diameter chromel-alumel thermocouples
could be utilized for measuring evaporator wall temperature. These larger
thermocouples were chosen because they are reliable, can be installed almost
routinely, and provide adequate temperature data even though the installation
error can become significant for high heat flux operation. Thermocouples
were positioned at the evaporator midpoint and under one of the feeders at a
distance of 0.122 cm from the wick/wall interface. The thermocouple positions
are shown in Figure 25.
The condenser wick consisted of one wrap of 120 x 120
mesh screen covering the entire inside diameter of the heat pipe to within
0.63 cm of the evaporator surface and five wraps of 60 x 60 mesh screen in
29
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the condenser area only. The feeder wick screen was connected directly to
the condenser wick as shown in Figure 26. Other photographs of Heat Pipe 10
components taken prior to assembly are shown in Figure 27. During
fabrication, the unit was loaded with 28 gm of solid sodium under an argon
atmosphere.
b. Testing
which consisted
Heat Pipe 10 testing was initiated by "processing"
of the following series of events:
(1) The heat pipe was heated to 10900K vapor tempera-
ture over a period of 2-1/2 hours. The closure
orifice was open during this time and the heat
pipe was vertical. The maximum heat flux was
164 watt/cm2 .
(2) The vapor temperature was reduced to 6200K and
the closure orifice was sealed.
(3) The heat pipe was reheated to about 1070°K to
verify sealing of the closure orifice (heating
period approximately 2 hours).
cessing heat flux was
in the following sketc
HEAT PIPE 10
(Processing)
The evaporator wall temperature at the maximum pro-
uniform and somewhat higher than predicted as shown
zh.
T1 =1217°K (1730°F)
/ _ r A/T T2 = 1213 Y' (1725°F)
/ / Tvapor (T4) = 1095K
Heat flux = 164 watt/cm2
TID = 1180°K
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Following processing the unit was mounted horizontally
(evaporator a few degrees above horizontal) and tested to a heat flux of
486 watt/cm2 (2.97 Btu/in.2-sec). Testing was terminated at this point due
to an excessive wall temperature, 1475°K (2195°F) measured midway between the
two liquid return feeders. The evaporator wall temperature distribution at
this heat flux is shown in the following sketch.
~~~HEAT PIPE 10 /~T1 = 1475°K (2195°F)HEAT PIPE 10
jT2 = 1147°K(1605°F)
T.p  (T4) = 909°K (1177°F)
vapor 2
Heat flux = 486 watt/cm
(2.97 Btu/in.2 -sec)
TD = 1149K (1612°F)lD
The high evaporator midpoint temperature between feeders
did not develop suddenly as a result of a temperature excursion but was con-
sistently higher than expected as the heat flux was increased. This is shown
by the test data graph of Figure 28 which shows measured and predicted
ATwall values as a function of heat flux. The wall temperature beneath the
feeder appears normal throughout the test.
The high wall temperature at the evaporator midpoint is
indicative of abnormal operation. If Heat Pipe 10 had been operating normally,
all wall temperatures would have been about equal to the temperature cal-
culated assuming one-dimensional conduction in the axial direction. The
low temperature measured directly beneath one of the feeders indicates that
the heat pipe was operating satisfactorily in the vicinity of the feeders
and that the returned liquid may have been slightly subcooled. The one-
dimensional model described by Equation (3) was applied to the Heat Pipe 10
results by assuming that the difference between Tl and T2 measurements is
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representative of (AT)lateral. A "dry zone" width of 1.02 cm was calculated,
indicating that the evaporator was not operating properly over about 65% of the
open area between feeder ribs.
These indications of a dry zone are consistent with
visual post test observations. Post test examination of Heat Pipe 10 revealed
that it contained significant amounts of a black deposit consisting of very
fine particles. Most of the deposits were found on the evaporator wick and
were concentrated near the center of the evaporator region. The wick was
deposit-free near the feeders. Small amounts of deposits were also found
in the liquid return and condenser wicks. A cross-section of the evaporator
revealed that some erosion had occurred within the sintered evaporator wick
which significantly increased the pore size locally. The erosion was gener-
ally most severe where the black deposits were most dense.
Similar black deposits had been observed previously in
Heat Pipe 5 and 6 but they were not as extensive as those found in Heat
Pipe 10. Spectrographic analyses of these deposits were obtained and the
results, shown in Table 3, indicated that the major constituent was nickel.
Traces of other elements were also found and these are consistent with the
impurities also found in the nickel materials. These results indicated that
the black deposits were the result of nickel being dissolved by liquid sodium
and left as a residue when the sodium vaporizes at the evaporator surface.
4. Heat Pipe 11
a. Design and Fabrication
After evaluation of the Heat Pipe 10 results, it was
concluded that additional testing was needed to evaluate the black deposits
32
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problem since it was not known whether these deposits were due to some acci-
dent of fabrication or whether a consistent and repeatable phenomenon was
being encountered. In addition, at this point in the program a near term
requirement for a heat-pipe-cooled thrust chamber existed and the high
evaporator wall temperature characteristic obtained with Heat Pipe 10 was
considered undesirable for a thrust chamber design. Reference to Equation (3)
indicated that, even if the black deposit persisted in future work, the maxi-
mum wall temperature might be reduced to more acceptable levels by closer
spacing of the feeders; consequently, a design similar to Heat Pipe 10 but with
more closely spaced feeders was chosen for Heat Pipe 11. The Heat Pipe 10
design was modified by incorporating an additional feeder at the evaporator
centerline so that the evaporator wick was fed by three feeders positioned on
0.876-cm centers. Drawings of the evaporator and the evaporator/feeder joint
designs are shown in Figure 29 and a photograph of the evaporator wick after
sintering and before final assembly of the feeders is shown in Figure 30. The
evaporator wall was instrumented with 0.0 51-cm-diameter thermocouples as
shown in Figure 31.
b. Testing
Heat Pipe 11 was processed in a manner similar to Heat
Pipe 10. The heat pipe orientation was vertical and the temperature was
increased to 1107°K over a 2-1/2 hour period before sealing the closure
orifice. After sealing of the orifice, the pipe was reheated for 1 hr and
20 min to 1083°Kvapor temperature. The maximum heat flux during processing
was 180 watt/cm and the evaporator wall temperatures' profile appeared normal
at this condition as shown in the following sketch.
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HEAT PIPE 11
(Processing)
Ti = 1213°K (1728°F)
T2 = 1188°K (1680°F)
T = 1108°K (1535°F)
vapor
Heat flux = 180 watt/cm2
T1D = 12130K (1828°F)
The unit was then oriented to a horizontal position and operated to
478 watt/cm (2.93 Btu/in. -sec) heat flux. The test was terminated at this
point because the evaporator wall temperature was becoming excessive and
sufficient data had been obtained to evaluate the heat pipe performance.
The test data at the maximum heat flux condition are summarized in the fol-
lowing sketch, and the evaporator wall temperatures are shown as a function
of heat flux in Figure 32.
HEAT PIPE 11
T3 =1388°K (2041°F)
T1 = 1383°K (2032°F)
.T2 = 1205°K (1712°F)
T = 925°K (1205°F)
vapor
Heat flux = 478 watt/cm2
T1D = 1186°K (1676°F)
The wall temperature data show that at the maximum heat
flux the evaporator wall was much hotter at the midpoints between feeders than
directly under the feeders. One of the midpoint temperatures,Tl, showed nearly
normal behavior up to 350 watt/cm2 heat flux but the other, T3, was consistently
high. The wall temperature under the feeder appears normal. Therefore, these
34
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temperature data indicate that Heat Pipe 11 was similar to Heat Pipe 10 in
that the evaporator functioned adequately in the vicinity of the feeders but
not in the region between feeders. However, as expected, the No. 11 wall
temperatures tend to be lower due to the decreased feeder spacing.
Here again, the evaporator midpoint temperature was
sufficiently high to suggest that a significant amount of the input heat was
conducted laterally within the evaporator wall toward the feeders. A dry
zone width of 0.63 cm was calculated for Heat Pipe 11 from the one-
dimensional lateral conduction model (Equation 3) and this represents
70 - 90% of the available evaporator surface area between feeders.
Posttest examination of Heat Pipe 11 revealed that it
also contained substantial amounts of black deposits. Most of the deposits
were concentrated near the center of the evaporator region; however, they
were also found in the liquid return and condenser wicks. In one area a
mound of deposits was found about 0.30 cm deep and 0.5 cm in diameter;
however this was unusual as the deposit layer was generally rather thin
( 0.025 to 0.050 cm). Post test photographs of the Heat Pipe 11 evaporator
areshown in Figure 33, Spectrographic analysis results obtained for the Heat
Pipe 11 deposits were similar to the previous results (Table 3); i.e., the
major constituent was found to be nickel. X-ray diffraction tests were also
conducted on the black deposits but an exact determination of the constituents
was not obtained. The results reported by RCA indicated an unidentified oxide
was present. Tests conducted at ALRC indicated that NiO, Ni203, and NaNiO2
were possible constituents and that the deposit could also be an alloy of the
sodium-nickel-oxygen systems. Therefore, although an exact analysis of the
black deposits was not obtained, the indications were that the deposits were
related to the presence of oxygen contamination within the heat pipe.
35
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Another factor which confused interpretation of the
No. 11 data somewhat was that the electron bombardment heater characteristics
were apparently changed when a water leak developed at the condenser cooling
coils early in the test. Some significant differences in temperature readings
were obtained by rotating the heater and retesting. However, the wall tem-
perature data plot in Figure 34 shows that the temperature variations due to
heater orientation were not sufficient to explain the consistently higher
temperatures measured between feeders.
5. Heat Pipe 12
a. Design and Fabrication
Results from the Heat Pipe 10 and Heat Pipe 11 tests
clearly demonstrated that the black deposits and erosion, or wick degradation,
represented a serious heat pipe performance problem. After the Heat Pipe 11
testing and prior to the establishment of the Heat Pipe 12 design, all test
results obtained on this contract were reviewed by JPL, ALRC, and RCA personnel.
It was subsequently decided that additional heat pipe testing would be con-
ducted and that the primary objective would be to eliminate the black deposits.
(Final design and fabrication of a heat-pipe-cooled thrust chamber were
deleted from the program plan at this point in the program.) The previous
results most pertinent to the Heat Pipe 12 design (other than the Heat Pipe 10
and 11 results) were those obtained with Heat Pipe 7 (maximum heat flux =
4.9 Btu/in. -sec, normal evaporator wall temperatures). Heat Pipe 7 was
fabricated using essentially the same procedures followed for Heat Pipes 10
and 11; but there were two notable design differences:
(1) Heat Pipe 7 had been the only heat pipe tested
previously with argon gas loading.
(2) The Heat Pipe 7 evaporator wick was fed from the
bottom of the condenser wick in an unheated zone.
As a result of this feature, less screen was con-
tained inside Heat Pipe 7 than inside Heat
Pipes 10 and 11.
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Argon gas loading was used as a device for controlling
the vapor temperature in Heat Pipe 7, however it is possible that oxygen con-
taminants diffused into the argon during testing and were removed during sub-
sequent decreases in the argon pressure. The amount of screen present was
also judged to be important since screens are inherently difficult to clean
due to the large number of overlapping wire joints. After the previous
results were reviewed, it was agreed by the JPL/ALRC/RCA personnel that Heat
Pipe 12 would be an inert-gas loaded version of Heat Pipe 10 so that the
effect of gas loading could be evaluated. At this time the logic chart shown
as Figure 35 was devised so that the results of Heat Pipe 12 testing would
determine the direction of future testing.
The Heat Pipe 12 design and wall thermocouple locations
are shown in Figures 36 and 37. The unit was inert gas loaded with argon and
the evaporator wick and liquid return feeder design were identical to those
of Heat Pipe 10. The outer shell and condenser hardware were those utilized
with Heat Pipe 7. Heat Pipe 12 was also loaded with sodium using the dry box
method.
b. Testing
Heat Pipe 12 processing was done in the same manner as
Heat Pipe 10 and 11 except that testing difficulties prolonged the processing
period so that the heat pipe was operated for over 12 hours before the closure
orifice was sealed. The heat pipe was operated to 1116°K vapor temperature.
Maximum heat flux during processing was 179 watt/cm (1.1 Btu/in. -sec). The
wall temperature data obtained at the highest processing heat fluxes are given
in the following sketch.
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HEAT PIPE 12
(Processing)
T1 = 1183°K (1670°F)
-T2 = 1165°K (1645°F)
T vapo
r
= 1108°K (1535°F)
vapo
Heat flux = 179 watt/cm2
T1D = 1186°K
These wall temperatures appear normal as they compare
well with predictions and the evaporator temperature distribution is relatively
uniform. However, it appears that simple gravity flooding of the evaporator
with excess sodium produced this uniform distribution and those noted pre-
viously for Heat Pipe 10 and 11 during processing (vertical position). In
each of these heat pipes, an unusually high evaporator midpoint temperature
was observed when the heat pipe was tested in a horizontal position.
After processing, Heat Pipe 12 was repositioned into a
horizontal position and pressurized to 8 kN/m pressure with pure research
grade argon gas. A testing sequence which approximated that used for Heat
Pipe 7 was employed. In addition, a procedure was followed in which the
sodium was melted in the presence of argon, frozen, and then the argon was
evacuated. This was done three times prior to testing.
Initial testing was done with water cooling of the con-
denser. However, with water cooling the argon/sodium interface tended to be
too low on the condenser so that the area available for liquid flow away from
the condenser was small and this tended to produce premature evaporator dryout.
The problem was corrected by cooling the condenser with a less effective
coolant. Some testing was done with argon and helium cooling but the maximum
power level was limited due to high gas outlet temperatures. A system was
38
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then devised in which nitrogen gas and water vapor were mixed and used as the
coolant. With this system the argon/sodium interface could be effectively
controlled and no power input limitations were experienced due to the coolant.
The majority of the test data were obtained using the N2 /water mixture as
coolant.
Testing was done at heat fluxes up to 607 watt/cm and
was eventually terminated due to an excessive wall temperature at the
evaporator midpoint. The test data at the maximum heat flux are summarized
in the following sketch.
T1 =1438°K (2130°F)
HEAT PIPE 12 /T3 = 1322°K (1920°F)
T2 =1246°K (1780°F)
T5 =1321°K (1920°F)
Tvapo
r
= 850°K (1215 F)
TD = 1196°K (1550°F) (corrected
for AT =80°K)
evap
The wall temperature and heat flux data are given in
Figure 38 and they indicate that the general performance characteristics of
Heat Pipe 12 were similar to those of Heat Pipes 10 and 11. Relatively high
wall temperatures were measured at the evaporator midpoint and normal values
were measured in the vicinity of the liquid feeder. In comparing the data to
predictions in Figure 38 it was necessary to account for the temperature drop
at the evaporating surface, AT evap, because calculations indicate this tempera-
ture drop is significant at the Heat Pipe 12 test conditions (T less than
vapor
873°K). The values estimated for AT are shown in Figures 39 (Ref 3).
evap
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As was done previously, a "dry zone" width was calculated
from Equation 3 using the measured evaporator midpoint-to-feeder temperature
difference. The calculated value was 0.685 cm and comparison of this value to
the 1.02 cm "dry zone" width previously calculated for Heat Pipe 10 (identical
evaporator) indicates that the performance of Heat Pipe 12 was improved over
that of Heat Pipe 10. This slight improvement is, of course, also indicated by
the wall temperature data as shown in Figure 40. For example, at a heat flux
of 500 watt/cm (about 3 Btu/in. -sec), the No. 10 evaporator midpoint
temperature is 593°K (576°F) higher than predicted while for Heat Pipe No. 12
the excess in temperature is 483°K (378°F).
The performance of Heat Pipe 12 was judged to be "fair"
since it performed somewhat better than Heat Pipe 10 but not as well as Heat
Pipe 7. It had been planned to retest the unit without gas loading (in accor-
dance with the test plan logic shown in Figure 35); however, this was not
possible because a sodium leak developed at the weld between the evaporator
end cap and cylindrical shell. Consequently, it was assumed that no improvement
in performance would have been obtained by testing without gas loading. The
pipe was then opened for inspection and the foregoing assumption was justified
because the pipe contained significant amounts of black deposits. The deposit
was relatively light except in the center area of the evaporator where it was
approximately 0.32 cm thick (this is where thermocouple T1 was located).
Photographs of the interior components are shown in Figure 41. A thin black
coating or stain was evident throughout the heat pipe. The stain on the con-
denser end cap and the thin layer of deposit on the liquid return feeders near
the evaporator/return wick joint can be seen in Figure 41.
The sodium was removed from Heat Pipe 12 by evaporation.
Thus, it was not necessary to introduce alcohol and water for reaction of the
sodium (as was done for all the other heat pipes) and all deposits in the heat
pipe remained as they existed during actual heat pipe operation. When Heat
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Pipe 12 was removed from the test position, it was found that the evaporator
had "bowed" inward by about 0.10 cm. It is not known when this deflection
occurred.
Post test metallurgical examination of the Heat Pipe 12
evaporator showed an erosion pattern similar to that noted on Heat Pipes 10
and 11; however, the degree of erosion was much less. It was concluded from
the Heat Pipe 12 test results that the contamination or wick degradation
problem could not be solved merely by inert-gas loading the heat pipe. The
performance did, however, appear somewhat improved, indicating some benefit
had been obtained.
6. Heat Pipe 13
a. Design and Fabrication
Since the wick degradation problem persisted with Heat
Pipe 12, it was decided that future work would consist of evaluating design
concepts and fabrication techniques which would reduce heat pipe contamination.
It was agreed by JPL, ALRC, and RCA personnel that the following design and
fabrication features were desirable:
(1) Loading of the sodium into the heat pipe by
distillation.
(2) Incorporation of a sacrificial evaporator to be
used during processing only.
(3) Placement of oxygen "getters" inside the heat pipe.
(4) A reduction in the amount of screen used to fabri-
cate the wick structures.
(5) The use of other structural materials for the heat
pipe such as Nickel 270 (a higher purity nickel)
or molybdenum.
a 41
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The first three of these features were incorporated into
the Heat Pipe 13 design which is depicted in Figure 42. The evaporator wick,
wall, and instrumentation were identical to Heat Pipe 12. A sacrificial
evaporator fabricated from a felt-type metal (the same material used previously
in the evaporator of Heat Pipe 2) was positioned on the cylindrical wall
between the condenser and evaporator wicks. The sacrificial evaporator was
hydraulically joined to the normal evaporator wick but not to the condenser
wick. It was planned that during the processing only the sacrificial
evaporator would be heated so that sodium would flow through the normal
evaporator to the sacrificial evaporator. The sacrificial evaporator was
held in place by a zirconium retainer spring which acted as a getter material
for oxygen inside the heat pipe. The sacrificial evaporator components con-
sisted of a 0.107 cm thick layer of FM-1205, Feltmetal, approximately 1 meter
of 0.05 cm diameter zirconium wire, and one layer of 120 x 120 mesh nickel
screen. The inert gas loading feature was also incorporated into the No. 13
design, mainly because of the testing flexibility which this feature provides.
The sodium was loaded by vacuum distillation through
the closure orifice previously used only for outgassing during processing.
Solid sodium was first loaded into an evaporation pot in an argon atmosphere.
The evaporation pot was then attached to the heat pipe as shown in Figure 43.
With valve V1 (Figure 43) in a closed position and valve V2 in an open posi-
tion, the evaporation pot was heated to approximately 10700 K for four (4) hours.
Following transfer of the sodium the valve positions were reversed and the
heater on the evaporation pot replaced with water cooling coils to trap any
sodium vapor which might escape during processing.
b. Testing
During the initial processing operation, the sacrificial
evaporator was heated by an electron bombardment heater specially constructed
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for Heat Pipe 13 testing. After about one hour operation, when the average
input heat flux had been increased to 70 watt/cm2 (0.43 Btu/in. -sec) and the
heat pipe temperature was about 920°K, sodium leakage was observed at a small
burnout hole on the sacrificial evaporator wall. This local wall melting was
the result of a heat flux concentration probably caused by nonuniform spacing
of the heater wire or by wire temperature nonuniformities. Thermal radiation
heating was then used to drive all the sodium from the heat pipe and in sub-
sequent operations: (1) the hole was repaired by welding in an argon filled
glove box, (2) the heat pipe was re-loaded by distillation, and (3) processing
was completed, using radiation heating from the sacrificial evaporator heater
(approximately 30 watt/cm2 heat flux). It is possible that the wick structure
was contaminated during this re-loading despite careful attempts to avoid it.
The maximum heat pipe temperature during processing was reduced so that nickel
solubility effects would be minimized. The maximum vapor temperature was
670°C and the total heating period was about 2 and 1/2 hours.
Upon completion of the processing the unit was tested in
the same manner as in previous tests. Testing was terminated at 306 watt/cm2
(1.87 Btu/in. -sec) heat flux when a thermal runaway was observed and melting
of the evaporator wall occurred in the area directly beneath one of the
feeders, in the vicinity of the T1 and T3 thermocouples. Consistently high
temperatures were observed in this area during the testing.
After testing, Heat Pipe 13 was disassembled and
examined. The parts are shown in post test condition in Figure44. The
post test inspection revealed 2 significant facts: (1) An insufficient
amount of sodium had been transferred into the heat pipe due to accidental
blockage of the distillation system by zirconium "getter" material placed
inside the distillation pot. This sodium shortage probably caused the inade-
quate feeder performance. Twenty-four grams of sodium were found left in tihe
43
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distillation pot whereas 40 grams had been loaded initially. Consequently,
only 16 grams were transferred into the heat pipe and the minimum amount
required for proper operation was about 30 grams. Because of this inadequate
sodium quantity, the Heat Pipe 13 performance data are considered inconclusive.
(2) Inspection of the heat pipe interior revealed the presence of black
deposits on the zirconium retainer spring, within the condenser wick/feeder
assembly, and on the evaporator wall. No black deposits were found on the
sacrificial evaporator and it was noted that the deposit layer on the evapora-
tor wall was much thinner than in previous heat pipes.
These observations indicated that the severity of the
black deposits problem had been significantly reduced although the test
results were clouded because of the low sodium quantity and because of the
possibility of contamination during reloading after the sacrificial evaporator
had burned out. The zirconium wire appeared to have performed its intended
getter function (i.e., chemically tie up oxygen) because it was very black.
The relatively clean appearance of the sacrificial evaporator indicates that
either this material is not as susceptible to the degradation problem as
sintered nickel powder, the proximity of the zirconium spring somehow prevented
degradation, or that relatively high heat fluxes are required before the
degradation occurs.
7. Heat Pipe 14
a. Design and Fabrication
Due to the inconclusive performance results obtained
with Heat Pipe 13, it was felt that additional testing of this design was
warranted. Consequently, the Heat Pipe 13 evaporator design was retained in
Heat Pipe 14. The salvaged outer shell from Heat Pipe 13 was also utilized
to fabricate Heat Pipe 14. One major design modification was made in that the
44e
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screen feeder wicks were replaced with platelet feeders. These structures
were made by diffusion bonding together eight platelets onto which sodium
flow channels had been photoetched. A typical platelet feeder and etched
plates are shown in Figure 45. The platelet thickness was 0.02 cm and the
channel depth was 0.0076 cm. The platelet feeder wicks are advantageous because
they are more easily cleaned than screens. An additional design advantage of
the platelet feeder is that the frictional pressure loss in the feeder wick
is reduced from 50% to 2% of the total system pressure loss.
The screen condenser wick was formed by spot welding
4 layers of 120 mesh screen in a cylindrical shape. Fluid connection joints
between feeders and the evaporator and condenser wicks were made by carefully
spot welding 120 mesh screen layers in place as shown in Figures 46 and 47.
Zirconium strips 0.6 cm wide x 10 cm long x 0.007 cm thick were installed
on the interior side of the platelet feeders prior to loading of the sodium.
The completed Heat Pipe 14 is shown mounted on the RCA
test system in Figure 47 (vacuum bell jar not shown for clarity). A view of
the heat pipe assembly before welding of the end caps and sodium loading is
shown in Figure 48. The two 0.63 cm tubes on the aft end of the heat pipe
were used to connect the heat pipe to the sodium pot and vacuum system during
loading. The tube between the heat pipe and pot was eventually crimped and
welded off. An all metal valve (NUPRO Valve Model SS-4H), was installed on
the other tube prior to loading and this valve remained part of the heat pipe
assembly during loading and testing of the pipe.
The cleaning and final assembly procedures for Heat
Pipe 14 fabrication were similar to those followed on previous heat pipes.
The specific procedures for Heat Pipe 14 were as follows:
45
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(1) Screen materials were subjected to a hydrogen
furnace treatment at 12700 K for 1/2 hour at a
pressure slightly above atmospheric before being
used for wick fabrication. Prior to this, the
screens were degreased, and rinsed with water and
methanol.
(2) A shallow machine cut was taken on the ID of the
Heat Pipe 13 body so as to remove all the material
previously exposed to sodium.
(3) The completed wick assembly was heated in a
hydrogen furnace at 1270°K for 1/2 hour.
(4) The wick assembly was welded onto the heat pipe
body and the 0.63 cm fill and argon tubes were
welded to the condenser end cap.
(5) The entire heat pipe was heated in a hydrogen
furnace at 11700K for 1/2 hour.
(6) Zirconium strips were spot welded onto each plate-
let feeder and the entire heat pipe was heated in a
vacuum furnace at 1170° K for 1/2 hour.
(7) The condenser end cap was welded in place while
flowing argon through the heat pipe via the 0.6 3 cm
tubing. When this was completed the tubes were
capped off and the unit was ready for sodium
loading.
The sodium procedure was thoroughly reviewed and modi-
fied somewhat before loading of Heat Pipe 14. The significant modification
consisted of utilizing a large ID fitting on the distillation pot so that the
sodium could be loaded in larger solid pieces with relatively small surface
areas. A smaller fitting was used on the No. 13 distillation pot and the sodium was
rolled into a cylinder of the appropriate diameter before insertion into the
pot. This rolling was done on a metallic surface which, although thoroughly
cleaned, may have introduced oxides onto the metallic sodium.
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Thirty-three grams of sodium were distillation loaded
into Heat Pipe 14 with the system sketched in Figure 49. The loading pro-
cedure is outlined in the following paragraphs.
(1) Solid sodium was inserted into the sodium container
or "pot". This was done inside a glove box under
an argon atmosphere. The argon was filtered
through drying agents (anhydrone, Mg C104) before
being introduced into the glove box. The sodium
pieces loaded were cut from a cylinder of sodium
with a lever-type knife. Any oxidized sodium was
trimmed until the metal was bright and shiny. The
metal was then cut into pieces of the appropriate
size, weighed, and inserted into the pot. Strips
of zirconium metal were previously placed inside
the pot to scavenge any oxygen in the system.
Handling of the sodium, exposure of it to the
glove box atmosphere, and contact between the
sodium and other metallic surfaces were minimized
as much as possible. The pot was capped before
removal from the glove box.
(2) The sodium pot and heat pipe were connected by a
length of 0.63 cm stainless steel tubing and
installed into the loading system. Atmospheric
contamination of the sodium was avoided by purging
argon through the heat pipe and into the pot as the
cap was removed and the connection made.
(3) The heat pipe and sodium pot were evacuated to a
pressure of 4 x 10-6 kN/m2.
(4) Sodium transfer into the heat pipe was induced by
heating the sodium pot to about 920°K. The tempera-
ture of the pot, transfer tube, and heat pipe were
continuously monitored and the beginning of sodium
transfer was evidenced by a sudden rise in the
transfer tube temperature and a more gradual rise
in the heat pipe temperature. About 45 minutes
were required to transfer 33 grams. When the
sodium transfer was completed, the tube temperature
dropped dramatically and the pot temperature
increased. Auxiliary heaters were used to maintain
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the heat pipe temperature at about 500°K during
transfer so that the condensed sodium would remain
liquid and fill the entire wick assembly.
(5) When the transfer was complete, the sodium was
frozen inside the heat pipe by flowing nitrogen
gas through the condenser cooling tube.
(6) The heat pipe and pot were disconnected while
argon flowed through the heat pipe and the pipe
was capped and pressurized to about 35 kN/m2 with
ultrapure argon. The pot was then examined
visually. No significant amounts of sodium were
found and the zirconium strips were found to be
discolored. The heat pipe was weighed and com-
parison to the weight measurement obtained prior
to loading confirmed the amount of sodium
transferred.
(7) The transfer tube was crimped, cut and welded off.
The heat pipe was evacuated to 4 x 10-6 kN/m2 to
ensure that it was leak proof, and then pressurized
to 35 kN/m2 with ultrapure argon for shipping.
b. Testing
The initial testing of Heat Pipe 14 consisted of a
"wetting in" treatment which was started by heating the evaporator with
thermal radiation from the heater and cooling the condenser by radiation to
2
the surroundings. The initial argon pressure applied was 6.7 kN/m . Electron
bombardment heating and convective cooling of the condenser with a N2/H20
mixture were eventually added as the heat flux was increased to 123 watt/cm
(0.75 Btu/in. -sec) and the heat pipe temperature raised to 873°Kover a
2 hour period. This heat flux level and a heat pipe vapor temperature of
873-973°K was then maintained for 1/2 hour.
During this wetting in treatment it was found that the
Heat Pipe 14 design was very susceptible to plugging of the argon fill line
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with sodium. Plugging could be detected by comparing the vapor temperature
and argon pressure to the sodium vapor pressure curve and by evaluating the
transient response of the heat pipe wall temperatures. In addition, condensa-
tion in the aft end could be detected by thermocouples attached to the end
cap and the argon fill tube. Plugging of the argon line occurred before
convective cooling was applied to the condenser. The line was cleared by
heating the aft end and argon tube with an auxiliary heater and then suddenly
pressurizing the argon tube to about 1 atm.
During subsequent testing, performance data for Heat
Pipe 14 in the horizontal position was obtained during three separate test series.
These data are summarized in Figure 50. During the first test series (data
points la - 4a) the general operating characteristics were evaluated up to
2 2_
280 watt/cm (1.7 Btu/in.2-sec) heat flux. The wall temperature data obtained
indicate normal heat pipe operation. During this first test series it was
noticed that sodium vapor to the aft end of the heat pipe was influenced by
the condenser heat flux. When N2 gas cooling only was used, significant
sodium flow to the end cap occurred and when nearly 100% water cooling was
utilized the end cap temperature was maintained at a low level. Evidently
the argon/sodium vapor interface was more clearly defined at the higher con-
denser heat flux. The disadvantage of water cooling this particular design
was that the argon/vapor interface existed near the evaporator end of the
condenser due to the relatively high condenser wall conductance. As a result,
the flow area available for liquid sodium returning from the condenser was
limited.
The second test series was conducted utilizing water
cooling and reasonably satisfactory results were obtained. The wall tempera-
ture data indicate normal heat pipe operation up to a heat flux of 433 watt/cm2
(2.7 Btu/in. -sec) (data point 6). As the heat flux was increased from this
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point (data points 7 to 19), an excess in evaporator midpoint temperature
developed. The heat flux was eventually increased to 650 watt/cm2
2_(4 Btu/in. -sec) where a 1200°C evaporator midpoint temperature was measured.
It is believed that the high evaporator midpoint temperature was due to a
localized dryout. The wicking limit had been estimated to be about 2000
watt/cm (12.2 Btu/in. -sec) by assuming that the argon/vapor interface was
positioned at the condenser midpoint or 4.45 cm from the evaporator end of
the condenser. The data indicate that the interface was irregular and about
even with the evaporator end of the condenser and consequently the frictional
pressure drop in the condenser wick/feeder joint was much higher than
anticipated.
Prior to the third test series it was decided that the
plugging problem would be tolerated and that N2 gas would be used to cool the
condenser so that a more reasonable flow area would be available for sodium
flow into the feeder. This was done and although the argon tube eventually
plugged, data were obtained at heat fluxes ranging up to 440 watt/cm (data
points 21 - 24). The wall temperature data show that dryout occurred at a
lower heat flux than during the previous test series, thereby indicating that
the evaporator wick had degraded when the high temperatures were experienced
during the first dryout. Testing with Heat Pipe 14 was terminated at data
point 24 because it was clear that the dryout could not be "cured".
When the No. 14 testing was completed, the sodium was
chemically removed. The wick assembly was then removed and it was found that
the heat pipe was extremely clean and free from black deposits except for
the zirconium strips which were discolored (grey to black). A very small
amount of deposits were found on the evaporator wick surface above the region
where dryout occurred, indicating some wick degradation, or erosion had
indeed occurred in this area. It is believed that this small amount of
50
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deposits developed after the initial dryout occurred and were formed when
residual sodium in the dryout area dissolved portions c the sintered nickel
wick when it became overheated (the wick temperature in the dryout area
probably approached 1400 to 1500°K at the 650 watt/cm2 heat flux conditions).
The dissolved nickel was left behind as a residue when the residual sodium
evaporated. The deposition was much less severe than in previous heat pipes,
and might have gone unnoticed if the wick had not been examined closely.
About 95% of the evaporator wick and all of the other heat pipe components
were completely free of deposits and appeared to be in pre-test condition.
Post test photograph of the No. 14 wick system are shown in Figure 51.
A dry zone width of 0.38 cm was calculated from Equation (3) for the
data point 24 conditions and this is in reasonable agreement with the diameter
of the deposition zone and the hot wall zone evidenced on the heated surface
of the evaporator wall.
Testing with Heat Pipe 14 produced 3 significant results:
(1) The almost complete absence of black deposits is
the most significant test result since the wick
contamination and degradation problem severely
hindered progress toward the development of high
heat flux wick systems during this program. The
No. 14 heat pipe was operated above 870°K vapor
temperature for 3.8 hours and therefore the con-
tamination problem appears to have been solved by
employing the loading and cleaning procedures
described previously and by incorporating zirconium
"getters" with significant surface areas inside the
heat pipe.
(2) The normal heat pipe operation obtained up to
433 watt/cm2 represents a significant achievement
because a completely normal wall temperature
characteristic such as this had not been observed
since Heat Pipe 7 was tested.
2
(3) The maximum test heat flux of 650 watt/cm is the
highest heat flux achieved during this testing
program.
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8. Heat Pipe 15
a. Design and Fabrication
Designs for Heat Pipe 14 and Heat Pipe 15 were chosen
at about the same time and the fabrication of these 2 heat pipes was done in
parallel. The Heat Pipe 15 design was similar to No. 14 except that the
evaporator wick was constructed from alternate layers of 120 mesh and 200 mesh
screen which were spot welded to each other and to the evaporator wall. The
evaporator wick design is shown in Figure 52 . A screen evaporator design was
chosen because:
(1) The screen wicks appear to be more easily fabri-
cated into the shape required for a thrust chamber
than sintered powder wicks.
(2) It is possible that sintered powder wicks may be
more susceptible to the degradation problem
(erosion, black deposits) than screen wicks
because of the fine particle size and small pore
size of the powder wicks.
(3) Scheduling and financial considerations precluded
the fabrication of another sintered powder
evaporator wick.
Platelet feeder wicks were also utilized for Heat
Pipe 15. The feeders were fabricated from six platelets instead of the eight
utilized for No. 14 because this simplified the evaporator/feeder joint design
and the difference in sodium pressure drop was small. The evaporator/feeder
joint design is shown in Figure 46 . The condenser wick was identical to
Heat Pipe 14.
Two additional modifications were incorporated into the
No. 15 design as a result of the testing problems encountered with No. 14:
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(1) Two screen baffles were positioned in the adiatatic
section above the condenser, so as to prevent flow
of sodium vapor to the end cap. A 0.76 cm gap
spacing was maintained on either side of the
baffles which were fabricated from 1 layer of
120 mesh screen. A 90° pie section was cut from
each baffle and these openings were oriented 180°
apart so that sodium vapor could not flow straight
to the end cap. The baffle nearest the end cap was
positioned so that the opening lined up with the
sodium fill tube. The baffles were hydraulically
connected to the condenser wick by 2 layers of
120 mesh spotwelded onto the cylinder wall.
(2) The lower one inchof the condenser cooling jacket
was thermally disconnected from the cooling circuit
by shortening the coolant tube and by machining a
circumferential groove through the nickel bars.
This was done so that more area would be available
for sodium flow from the condenser wick into the
feeders regardless of where the argon/vapor inter-
face was located.
Heat Pipe 15 was fabricated and loaded using essentially
the same procedure followed for Heat Pipe 14. The furnace firing was altered
somewhat in that the 1270°K H2 furnace treatment of the completed wick
assembly was deleted and the 1170°K vacuum furnace cycle was performed after
the end cap was welded in place.
b. Testing
Heat Pipe 15 did not perform well due to mechanical
failure of the bond between the evaporator wick and wall. The maximum heat
flux achieved was about 80 watt/cm ; however the evaporator was not function-
ing properly at this point since the wall-to-vapor temperature difference was
2859K and the predicted value is only 45°K. It appears that the evaporator
wick failed at a heat flux less than 50 watt/cm . Post-test inspection
revealed that the screen evaporator wick had separated from the wall and that
a small gap existed between the wick and wall over the entire evaporator area.
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During the initial testing, it was postulated that the
poor performance was possibly caused by sodium plugging of the entire heat
pipe in the region where the baffles were installed. Post-test inspection
revealed this was not true; however as a result of the initial postulation,
the aft end of the heat pipe was heated overnight so that any large sodium
pieces would be melted and absorbed into the wick system. Consequently,
the entire heat pipe was maintained at 670 to 8700 K at low heat flux for a
period of over 16 hours. This long heating period has significance because
the sodium and the wick assembly were found to be extremely clean afterwards
and this is an additional indication that the black deposit problem was solved.
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D. ADDITIONAL DISCUSSION OF RESULTS
The following paragraphs present additional discussions of the heat
pipe test results with respect to the failure mechanisms observed during testing
on this contract and a photographic study of the sintered powder wicks. Detailed
test data tabulations for the heat pipes tested on this contract are given in
Table 2 and in the interim report (Ref. 1). A summary of the maximum heat flux
conditions are given in Table 1 and a discussion of the specific test results
is given in chronological order in Section II, C.
1. Heat Pipe Failure Modes
A review of all the heat pipe test results obtained on this
contract indicated that each heat pipe tested could be categorized in terms of
the failure mode which appear to have limited its operation. A total of six
limiting modes were identified: (1) wick degradation (black deposits and erosion);
(2) mechanical failure; (3) inadequate feeder joint operation; (4) wicking limit;
(5) limits related to heat pipe temperature; and (6) insufficient sodium quantity.
The apparent failure modes foreach heat pipe tested on this contract are listed
in Table 4.
It is apparent from this tabulation that early in the program
(Heat Pipes 1, 2, 3 and 4) operation was limited either by mechanical failure
or by limits related to heat pipe temperature (the onset of boiling within the
evaporator wick is a possibility because these units were all tested at a quite
high heat pipe temperature where the allowable superheat values are low (1)).
The performance was improved substantially in subsequent heat pipes which
incorporated sintered nickel powder wicks and relatively high heat fluxes were
achieved with Heat Pipes 5, 7, and 14. The failure mode most consistently
observed with sintered powdered wicks was wick degradation in the form of black
deposits and wick erosion. Whenever wick degradation occurred, unusually high
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evaporator wall temperatures were measured and it appears these were caused by
dry zones in the evaporator wick which were not operating properly. The
degradation failure mechanism is discussed in more detail in the next section
of this report.
A logical extension of the dry zone hypothesis is that the
evaporative heat flux is higher than the input heat flux as a result of the
decreased surface area. For example, the evaporative heat flux estimated for
Heat Pipe 12 was estimated to be 980 watt/cm and evaporative heat fluxes
in the range of 1630 watt/cm were estimated for some of the other heat pipes
asshown in Table 1 . These estimates are subject to error but they are
indications that operation at the high input heat fluxes that exist in a rocket
thrust chamber can be achieved with sodium heat pipes.
It is possible that sintered powder wicks may be more
susceptible to the degradation problem than other wicks because of their small
pore sizes (easily plugged) and nickel particle size (more easily dissolved
than larger structures); however, further testing is needed to evaluate this
possibility. Such a susceptibility would probably be influenced by sintering
conditions and particle size. Experience on this program has shown that with
other wick structures, a problem even more serious than degradation is
encountered in that there is a tendency toward poor wick-to-wall bonding
characteristics (Heat Pipe 15 for example) and poor thermal contact is the
result. This mechanical bonding problem is probably most severe on flat wall
evaporators such as those tested on this program. Screen wicks are still con-
sidered a potential candidate for thrust chamber applications since this
bonding problem would be minimized for an annular heat pipe where a continuous screen
wick is positioned on the OD of a cylindrical evaporator. It is believed that
screen wicks merit further investigation for the annular geometry. For flat
wall evaporators,sintered powder wicks and possibly screens sintered in place
should be considered in future work.
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2. The Wick Degradation Problem
Wick degradation is probably a potential problem for all high
heat flux sodium/nickel heat pipes. The work on this program indicates it is
caused by oxygen contamination since the problem was solved by adding features
which tend to decrease the amount of oxygen present within the heat pipe. It
is clear that this problem can be avoided in future work by following the
fabrication procedures outlined for Heat Pipe 14 in Section II,C,7 and these
are recommended for future high heat flux work.
Photographic studies of the degraded wicks were made so that
the problem could be more fully evaluated. A series of micro-photographs of
cross-sectioned evaporators from Heat Pipes 7, 10, 11 and 12 were
combined to form a composite photograph approximately 38 times the normal
evaporator dimensions. The center portions of these photographs are shown in
Figure 53. The photograph of Heat Pipe 7 shows the burnout hole in the eva-
porator and the localized melting of the wick structure along the wick/wall
interface. There is also evidence of erosion at this interface in areas away
from the burnout hole. This erosion probably developed after the evaporator
wall temperature excursion occurred as Heat Pipe 7 was operated for several
minutes at a high wall temperature before burnout occurred (data shown in
Figure 3 ). The photograph of device No. 10 shows a "layering" pattern in the
wick which indicates that erosion and redeposition took place, moving from the
interface toward the feeder or innersection of the heat pipe. The molecular
structure of the wick has been altered in these areas where erosion has taken
place. Large void areas are evident throughout the wick structure.
The photograph of device No. 11 shows evidence of severe
erosion near the interface and in the area near the feeder returns. An
enlarged microphotograph of a section of this area is shown in Figure 54.
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The original interface between wick and wall is evident; however, it can also
be seen that the nickel evaporator wall was eroded, and nickel solute
redeposited on the eroded surface. Examination of the photograph of No. 12
shows a much lower rate of erosion, with erosion occurring only at the wick/wall
2interface. This device was operated to a heat flux of 605 watt/cm , total test
time was also longer than most other devices tested, and it operated with lower
wall temperatures than Heat Pipe 10 (identical evaporator). Thus, it appears
that evaporator performance and the degree of contamination are directly
related.
The wick degradation mechanism postulated is that the presence
of oxygen or oxides within the heat pipe promotes the solubility of nickel in
sodium and possibly the formation of nickel oxides and sodium nickelate. When
the sodium evaporates, very small particles of nickel and the other materials
are left behind as a residue on the evaporator surface. The effect of this
process is possibly three-fold: (1) as the nickel is dissolved the capillary
pumping pore is enlarged and the capillary action is reduced, (2) as the residue
collects on the surface the surface pores can become plugged, (3) the presence
of the residue may inhibit good wetting of the wick.
It is not clear which of these three effects predominates, but
in either case a dry zone, or localized dryout in the evaporator can result.
When such a dryout occurs, incoming heat must be conducted laterally to a point
where sodium evaporation is taking place. As a result, high wall temperatures
develop near the center of dry regions as predicted by Equation (3). The data
summarized in Table 1 show that abnormally high wall temperatures and wick
degradation occurred on Heat Pipes 5, 8, 10, 11, 12 and 13. The calculated dry
zone widths shown for each heat pipe corresponds roughly to the areas in which
black deposits were found after testing. The relatively thick evaporator wall
utilized on this program (0.236 cm) was conducive to lateral conduction and
consequently the heat pipes could be operated to a reasonably high heat flux
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even though a dry zone existed. Heat Pipe 7 was fabricated and loaded in the
same manner as those heat pipes which suffered wick degradation and it therefore
seems curious that the problem did not develop in the No. 7 evaporator wick.
It is possible that Heat Pipe 7 was not contaminated due to fortuitous loading
circumstances.
The most severe deposition and erosion were consistently found near
the midpoint between liquid feeders. This seems reasonable because,due to subcooling
effects, most of the sodium evaporation normally takes place near the center
region of the evaporator and therefore it is logical that most of the residue would be
found there. Subcooling and two dimensional effects would tend to produce
lower temperatures near the feeders, consequently the maximum wick temperature
occurs at the evaporator midpoint. Nickel solubility in sodium increases with
temperature, therefore it is logical that the most severe erosion would occur
at the evaporator midpoint.
A review of background information that exists on the compati-
bility of nickel with alkali metals, indicated that two aspects of the corrosive
behavior of nickel in sodium relate to the wick degradation problem (4). The first
concerns the effect of temperature on the rate of corrosion. Up to 820°K,
nickel is extremely resistant to attack by sodium, showing only negligible weight
changes in long-time (% 5000 hr) exposures in non-isothermal flowing systems.
At about 870°K, however, nickel alloys begin to show much greater rates of mass
transport and the condition is exaggerated with increasing temperature. Thus,
dissolution of nickel by sodium is to be expected in systems operating at
temperatures on the order of 1270°K. This explains the slight amount of deposits
found in Heat Pipe 14. It appears that wick degradation will produce dryout and,
conversely, the occurrence of dryout will promote wick degradation.
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The second important feature regarding the behavior of nickel
in sodium is that studies have indicated that unlike other metals, the solubility
in sodium of nickel changes little as a function of the oxygen contamination of
sodium up to relatively high levels of contamination ('500 PPM 02). This tends
to conflict with the postulated wick degradation mechanism; however, it is possible
that the oxygen effects are more severe when the impurities existing in commercial
grade nickel are present.
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IV. INJECTOR DESIGN, FABRICATION, AND COLD FLOW TESTING
A. INJECTOR DESIGN
Injector design work consisted of conducting a preliminary design
study for an OF2/B2 H6 injector, and establishing a completely finalized design
for a FLOX/H2 injector. These efforts are documented in the following sections.
1. OF 2 2H6 Injector Design= -2-2  
a. Review of Previous Work
Initial efforts were devoted to reviewing previous
design and test experience with OF2 (or FLOX)/B2 H6 injectors up to June 1970.
A comprehensive summary of this experience was found in Reference 5. Perti-
nent details were also obtained from contractor reports ( Refs 6, 7, and 8).
and by personal communication with R. W. Riebling, the program technical
manager. This review indicated that the pertinent OF2 /B2 H6 injector design
problems were: (1) solid deposits on the injector face and combustion cham-
ber walls, (2) injector face heat transfer, and (3) inter-propellant heat
transfer within the injector.
The solid deposits problem was considered the most
critical and was therefore emphasized in selecting a design concept. The
face heat transfer and inter-propellant heat transfer problems were also
considered significant; however, it was felt that these problems could be
effectively attacked once an acceptable concept from the point of view of
solid deposition had been chosen. Some general aspects of the deposition
problem noted during the review of previous work are listed below:
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(1) Solids deposition appears to be time dependent.
(2) The solids are oxides of boron and elemental
boron (probably the result of pyrolysis).
(3) When a fuel rich environment exists locally near
the injector face, the occurrence of deposition
appears related to the presence of recirculating
oxidizer rich combustion gases and a relatively
cool injector face.
(4) Stagnant areas such as the corner where the
injector and chamber meet are subject to severe
deposit buildup.
(5) Some evidence indicates that large contraction
ratios produced heavier deposition; however,
deposits have been observed at contraction
ratios as low as 1.5/1.
(6) In one case, swirl injection of fuel film cooling
resulted in a deposit free chamber wall.
(7) Deposits were eliminated in short duration tests
when the fuel was injected as a gas, and when F2
was utilized instead of OF2.
(8) Small B2H6 flow passages are susceptible to
internal plugging.
b. Concept Selection
As noted in Item 7, certain of the test data indicated
gas/liquid or gas/gas injectors may be relatively deposit free. These types
of injectors are applicable to the heat pipe thrust chamber since one or both
of the propellants will be vaporized while cooling the condenser. However,
the available JPL test facilities did not include equipment for producing
gaseous propellants and the fabrication of a suitable heat exchanger was
beyond the scope of this program. Therefore, checkout testing of a gas/liquid
Page 54
Report 697-F
IV, A, Injector Design (cont.)
or gas/gas injector could not be conducted prior to its use with a heat-pipe-
cooled thrust chamber. Use of an untested injector for initial testing on a
heat-pipe-cooled thrust chamber was considered undesirable, consequently a
liquid/liquid OF2/B2H6 concept was chosen.
Design concepts for liquid/liquid injectors were estab-
lished which, in view of the previous test experience, appeared potentially
applicable to the OF2
ground rules followed
(or FLOX)/B2 H6 propellant system. The major design
are listed below.
(1) Strive for an injection pattern in which the pro-
pellants do not mix near the cool injector face.
The philosophy here is that the formation of boron
oxides and elemental boron cannot occur at the
face if there is no chemical reaction.
(2) Use swirl injection fuel
cooling. This technique
minimize wall deposits.
to conduct initial tests
criteria was established
able to function with up
as film coolant.
film cooling for boundary
had been demonstrated to
Since it was desirable
with a low heat flux, the
that the design must be
to 40% of the fuel used
(3) Incorporate void regions which will thermally
isolate the two propellants within the injector.
Thermal isolation was needed to reduce the pos-
sibility of freezing the B2H6 and vaporizing the
oxidizer.
(4) Do not consider the self impinging doublet type
injector because deposition problems have per-
sisted with this design despite significant
development work.
(5) Injector Operating Conditions:
4448 N thrust
689.5 kN/m2 chamber pressure
3.0 overall mixture ratio
Five concepts were established; sketches of them are
shown in Figures 55, 56, and 57, and they are discussed in the following
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paragraphs. (These sketches are conceptual and do not indicate the most
desirable fabrication technique or injection pattern).
(1) Impinging Sheet Concept
In the impinging sheet concept, the entire injec-
tor face is flooded with propellant. One propellant is injected radially
outward along the face from a central spud, while the other is injected
radially inward from the injector periphery. Both propellants flood the face
locally and are deflected in an axial direction by a circular shaped ridge.
Combustion occurs in an annular pattern where the sheets impinge. Injector
face flooding is designed to prevent combustion products from reaching the
face and provide thermal protection (film cooling) for the face. The preferred
system is one which fuel is injected on the periphery so that a single manifold
can be utilized for active and film coolant orifices. Detailed examination of
this concept showed that the active fuel flow was not sufficient to provide
adequate face coverage unless the active fuel was injected from the central
spud. This configuration requires complex manifolding and produces an un-
desirable oxidizer rich environment adjacent to the film coolant. Therefore,
this concept was discarded due to anticipated poor wall compatibility and
manifolding complexity.
(2) Unlike Doublet Slot Concept
This concept was patterned after the impinging
sheet injector which appeared promising in short duration tests at JPL.
Unlike the JPL design,this concept provides for regenerative cooling passages
within the face. Propellants are injected through slots, in unlike impinging
pairs. The concept was discarded because: (1) the relatively large areas
between slots appeared susceptible to the same deposition problem encountered
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with like-on-like doublet patterns, and (2) experience at Aerojet indicates
that unlike impinging FLOX/B2H6 injectors are difficult to face cool ade-
quately by regenerative techniques.
(3) Vortex Concept
The vortex concept was considered because in short
duration tests with OF2/B2H6 it was relatively deposit free. In the standard
vortex concept, oxidizer is injected radially from a center spud and all of
the fuel is injected in a tangential direction near the radius midpoint or
adjacent to the chamber wall. Excessive overheating of the center spud bottom
was encountered with the previous OF2 /B2 H6 vortex injectors. This area could
possibly be regeneratively cooled by utilizing relatively thin walls and a
contoured configuration at the bottom of the spud. The vortex concept was
discarded for the current OF2 /B2H6 application because of the unknown char-
acter of the spud heat transfer environment and because of its inability to
allow fuel film coolant variation.
(4) Modified Vortex Concept
In the modified vortex concept, the center spud
would be replaced by self impinging doublet orifices. This design approach
may eliminate the spud heat transfer problem but it is a relatively unknown
system and this concept was discarded because of the lack of experience with
it.
(5) Showerhead Tube Concept
In this design the face is flooded with oxidizer
and fuel is injected through small tubes which extend from the injector face.
The objective of this type of injection is to maintain combustion at a
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substantial distance from the face so that recirculation patterns will not
bring fuel in contact with the face. The oxidizer flooding of the face is
intended to block the fuel rich gases from the face and provide face cooling.
This design concept was chosen for experimental
OF2/B2 H6 injector work because it appeared capable of overcoming all 3 major
OF2 /B2 H6 injector problems: solid deposits, excessive face heating, and
inter-propellant heat transfer. A similar concept was successfully employed
with N204/Alumizinepropellants at Aerojet (except fuel showerhead orifices
were used instead of tubes) and a reasonably similar concept has been used
with FLOX/Methane injectors(Ref 9 ). Burnoff of the fuel tubes is a potential
problem in this design. The tubes must be thin walled and the diborane
velocity within them sufficiently high that adequate cooling is obtained.
An additional design problem is that an oxidizer rich environment exists
adjacent to the film coolant and a sleeve arrangement for protection of the
film coolant in the region between the injector face and the tube tip is
required.
c. Detailed Design
A more detailed design which incorporated the showerhead
tube concept was subsequently established and it is sketched in Figure 58.
A self impinging oxidizer doublet pattern was chosen as the method for
achieving the flooded injector face condition and it was planned that two
designs which incorporated different fuel tube configurations would be
fabricated and tested at JPL. The final design was to have been established
based on the results of these tests. However, the injector design work was
redirected by the JPL technical manager toward the use of FLOX/H2 propellants
before the fully detailed designs were completed. The performance and heat
transfer aspects of the showerhead tube design concept were evaluated and
these are discussed in the following paragraphs.
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(1) Performance Evaluation
The performance characteristics of the showerhead-
tube injector shown in Figure58 were evaluated analytically and the results
are summarized in the following table.
Estimated Energy
Fuel Tube T 0 K T Release Efficiency,
Diameter, cm Oxidizer ox fuel' ERE
0.094 (Figure 66) OF2 78 117 87.6
(0.037 in.) OF2 78 211 91.8
OF2 144 211 95.5
FLOX (70-30) 78 117 91.0
FLOX (70-30) 78 211 95.5
0.0478 OF 78 117 90.4
(0.0188 in.) OF2 78 211 94.0
OF2 144 211 97.82F (78
FLOX (70-30) 78 117 93.6
FLOX (70-30) 78 211 97.8
These results indicate that the major performance
parameters are fuel tube diameter and propellant temperature. (The range of
temperatures shown were those specified in the original program work state-
ment). A significant performance improvement is predicted when the oxidizer
is FLOX rather than OF2 because of the higher volatility of FLOX. The
0094 cm diameter tube was chosen because smaller diameters would yield a
design with excessive fabrication costs. The desired energy release effi-
ciency was 98% and the calculations indicate that this value would be
approached with the 0.094 cm tube configuration when relatively warm B2H6
is utilized. It is possible that the performance increase produced by small
orifices could also be obtained by modifying the tube ends to produce smaller
liquid droplets.
Pg 7
Page 59
Report 697-F
IV, A, Injector Design (cont.)
(2) Injector Tube Heat Transfer
A heat transfer analysis of the diborane tubes
indicated that two potential problems existed: (1) melting or burn-off of
the tube tip, and (2) freezing of the diborane on the tube walls where the
tubes protrude through the oxidizer manifold. The tip burn-off problem
appeared to be the most critical. Heat transfer calculations indicated that
if the tube were exposed to combustion gases at mixture ratio 3.0 the heat
flux into the tube would exceed the diborane burnout heat flux and film
boiling would occur. This is undesirable since estimates of the B2H6 film
boiling characteristics indicated that if film boiling occurs the tube will
melt. Due to the potential severity of this problem, the fuel tubes were
shortened to 0.25 cm (0.10 in.).
Calculations for the inter-propellant heat transfer
zone of the fuel tube indicated that at steady state the tube wall temperature
would be above the diborane freezing point (108°K) and that the decrease in
diborane bulk temperature would be negligible. A potential problem does
exist at startup, however, if the injector is preconditioned to a temperature
below 1080 K. It is believed that this problem can be alleviated by avoiding
very small orifices and by maintaining relativel high (I 30 m/sec) B2 H6
velocities. Furthermore, it is understood that the JPL test stand can supply
FLOX higher than 108°K, therefore the possibility of freezing during startup
can be eliminated for the initial testing by utilizing warm FLOX as the
oxidizer.
2. FLOX/H2 Injector Design
In order to economize testing costs, it was decided that the
injector for the first heat-pipe-cooled thrust chamber would simulate OF2/B2 H6
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combustion by utilizing liquid FLOX and gaseous hydrogen propellants. Con-
sequently the injector work on this program was redirected to the extent that
the injector would be designed and fabricated for use with liquid FLOX and
gaseous hydrogen propellants. The gaseous hydrogen was intended to simulate
the gaseous diborane which would be generated in the heat pipe condenser
cooling jacket.
Checkout tests of the FLOX/H2 injector were to be conducted
by JPL prior to testing on the heat-pipe-cooled thrust chamber using the
instrumented copper thrust chamber delivered by Aerojet to JPL under contract
NAS 7-713 (Ref.10)(Aerojet P/N 1155930). The interior contour of the heat
pipe thrust chamber was subsequently chosen to be identical to that of this
copper chamber so that the experimental heat flux results would be directly
applicable to the heat-pipe-cooled thrust chamber.
As a result of this redirection, the program was changed in
the following manner: (1) work on OF2 /B2 H6 injectors was stopped, (2) the
experimental injector design work was deleted, and (3) a FLOX/H2 injector was
designed, fabricated, and delivered to JPL. The design which was established
is shown in Figures 59 and described in the following paragraphs. Two
adapter rings were also designed and they are shown in Figures 60 and 61.
These adapter rings provide for installation of the injector onto the copper
thrust chamber and for mounting the injector onto the JPL test facility at
Edwards AFB. An assembly drawing for the injector, adapters, and thrust
chamber is shown as Figure 62.
The design philosophy for the FLOX/H2 injector is defined by
the following list of basic design elements and the design ground rules chosen
for each element.
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Design Element Design Ground Rules
1. Injector Operating
Conditions
1. (a) Simulate OF2 /B2H6 Thrust
Chamber Heat Fluxs
(b) Allow Operation at Low Thrust
Chamber Wall Heat Flux
2. Injector Elements and
Pattern
2. (a) Provide good wall compatibility
(b) Use a proven concept
(c) Performance level should be
adequate (Design Goal is 92%
c* efficiency)
(d) Provide for separate film cool-
ing circuit and adjustable GH2
film coolant flow rate.
3. Manifolding 3. (a) Provide uniform distribution
of propellants.
(b) Thermally isolate injector
from the heat pipe and liquid
FLOX from gas H2.
These design elements and other pertinent aspects of the design are discussed
further in the following paragraphs.
a. Injector Operating Conditions
(1) Nominal Mixture Ratio
The throat heat flux for a heat-pipe-cooled thrust
chamber operating with FLOX/H2 propellants at 689.5 kN/m chamber pressure was
estimated using the procedure described in the Interim Report (1). The
results are shown in Figure 63 where throat heat flux is plotted as a function
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of FLOX/H2 mixture ratio for an engine operating at 4448 N thrust and 689.5 kN/m
chamber pressure and without any boundary cooling. Combustion temperature
and generalized heat transfer coefficient are also shown. These results indi-
cate that the FLOX/H2 propellant combination will yield a good simulation of
~~~~~~~~~~~~~2
the OF2 /B2H6 thermal environment. The maximum heat flux is 930 watt/cm
(12600 K wall temperature) and occurs at a mixture ratio of about 5.0. This
is nearly the same as the throat heat flux previously estimated for the OF2/B2 H6
engine without any boundary cooling (1000 watt/cm ). Consequently, the 5.0
value was chosen as the nominal mixture ratio for the FLOX/H2 injector.
(2) Film Cooling Requirements
Hydrogen film cooling requirements for low thrust
chamber wall heat flux operation were also evaluated. Several analytical
models of the film cooling process were considered during the course of the
film cooling analysis because the heat pipe thrust chamber design is dependent
on adequate predictions of both the maximum heat flux and the total heat
transfer rate and therefore it is desirable to utilize the best model avail-
able. Predictions from the models considered are shown in Figure 64 for the
case of 20% fuel film cooling. Much previous work at Aerojet had been based
on the Entrainment and Seban models which are described in Reference 6.
Initial work at Aerojet on Contract NAS 3-14343 led to the development of an
improved film cooling model which can be approximated with a modified version
of the Seban Model. This modified Seban Model was chosen as the best available
model and was used in all subsequent calculations. Free stream turbulence
effects indicated by the data of Reference 11 were included in the model and
the final form used is shown in Figure 65.1
1 Further improvements have been made in the film cooling model which will be
described in the Interim Report for Contract NAS 3-14343 (scheduled for
publication during November 1971).
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Heat flux predictions for the throat of the
heat pipe cooled thrust chamber are shown as a function of film
coolant flow rate and slot height in Figure 66. The slot height effect is
mainly due to changes in the film-coolant-to-core-gas velocity ratio. A slot
height of 0.076 cm was chosen for the FLOX/H2 injector because this alue can
be obtained with conventional machining techniques and because it yields
velocity ratios within the range of the data from which the analytical model
was correlated (velocity ratio = 0.2 to 0.5 in the 10% to 25% film cooling
range).
Adiabatic wall temperature distributions calculated
for a 0.076 cm slot height and a range of film coolant rates were used in the
calculation of the axial heat flux distributions shown in Figure 67. The heat
flux values were calculated assuming that the heat pipe thrust chamber is
designed for an 1260°Kmaximum evaporator wall temperature, 980 watt/cm2
heat flux, and 895°K heat pipe temperature. The thermal network utilized is
shown below.
Th T T
Thp Twg aw
R 1/hgw
The maximum heat flux with 15% film cooling is
2
650 watt/cm . This is considered the maximum design heat flux for a heat-
pipe-cooled thrust chamber at this time since the maximum heat flux capa-
2bility demonstrated to date is 800 watt/cm and a safety margin of at least
25% is desirable. For this reason, 15% film cooling was chosen as the nominal
injector design condition. The Figure 67 heat flux distributionsare discussed
further in Section III, Preliminary Thrust Chamber Design.
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b. Injector Element and Pattern
The 70% FLOX/H2 propellant combination proceeds accord-
ing to the following stoichiometry:
2 F + 0 + 4 H 4 HF + 2 H202 2 2 2
Its 13.4 stoichimetric mixture ratio implies that at the chosen design point
(O/F = 5.0) 63% of the fuel acts as a diluent. Therefore, a primary injector
design criterion is to select an injector element concept which most advan-
tageously utilizes the excess fuel coolant to assure injector face and cham-
ber wall compatibility as well as adequate performance. Four types of injec-
tor elements were considered: (1) coaxial, (2) fuel-oxidizer-fuel (F-O-F) triplet,
(3) showerhead oxidizer and fuel, and (4) showerhead oxidizer with self-
impinging fuel doublets. A sketch of these elements which is pertinent to
the following discussions is shown in Figure 68.
The coaxial injection element design which has successfully
been demonstrated in the past with the liquid oxygen/gaseous hydrogen propel-
lant combination (RL-10, J-2, and M-1 engines)appeared to offer the highest
potential for success with minimum development, and was therefore chosen for
the FLOX/H2 injector. This concept has a low velocity liquid oxidizer stream
in the center which is sheared, atomized, mixed, and combusted by the high
velocity GH2 fuel in the annulus. The high velocity excess fuel surrounds
the combustion zone on the element axis, thereby enhancing injector face and
chamber wall compatibility.
The F-O-F triplet design concept, like the coaxial,
uses the fuel to mechanically augment oxidizer stream breakup and mixing.
The excess fuel forms parallel sheets on each side of the oxidizer spray fan.
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While providing fair chamber compatibility, it may be less compatible than
the coaxial near the injector face. It is possible to have some oxidizer
splashback from the two edges of the oxidizer spray fan perpendicular to the
fuel streams, causing face erosion, and chamber streaking may also occur
where the oxidizer-rich lobe intersects with the chamber wall.
Both the all-showerhead and the showerhead oxidizer/
self impinging fuel injection concepts were eliminated from consideration
because of possible face erosion problems and lower performance than the
coaxial or triplet for a given number of oxidizer elements. The showerhead
oxidizer orifice is completely surrounded by a raw oxidizer-rich atmosphere.
Due to the axial oxidizer stream injection velocity, a recirculation zone is
created around each oxidizer jet which has resulted n face erosion with
LO2/GH2 injectors in the past. Similarly, these showerhead oxidizer con-
cepts are considered high risk designs from a face compatibility standpoint
with FLOX/GH2. Furthermore, to achieve 92% c* efficiency with 15% fuel film
cooling would require a 0.0043 cm mass median droplet radius which would
necessitate 185 showerhead oxidizer elements to achieve the required atomiza-
tion efficiency.
Compared to the showerhead-tube OF2 (or FLOX)/B2H6
injector performance analysis summarized previously, the FLOX/H2 injector
performance will be significantly higher. This is because FLOX has a much
higher volatility than OF2 at the same temperature. Furthermore, the need
to atomize and vaporize the liquid B2H6 is completely eliminated by substitut-
ion of gaseous hydrogen as fuel.
It is desirable from a compatibility standpoint to have
most of the FLOX vaporization and chemical reaction completed in the forward
half of the 15.2 cm long convergent chamber section. This requires a mass
median oxidizer droplet radius of 0.0015 cm based upon the Aerojet Liquid Rocket
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Company's modified Priem propellant vaporization analysis. The necessary
oxidizer atomization efficiency can be achieved with 15 to 30 coaxial or
F-O-F triplet elements, provided a 240 to 420 m/sec fuel to oxidizer velocity
differential mechanically augments the oxidizer spray breakup. A 25 coaxial
element injector pattern was chosen which is analytically predicted to satisfy
all of these requirements.
The above injector/chamber/propellant combination is
predicted to achieve 99% energy release efficiency. At 5.0 overall mixture
ratio, the nominal 15% fuel film coolant performance loss is predicted to be
2.4% for an overall c* efficiency of 96.6%. It is predicted that up to 38%
fuel film cooling can be utilized and still satisfy the 92% efficiency
requirement. The following table summarizes the performance analyses con-
ducted for the FLOX/H2 injector.
% FFC 0 15 25 38
(O/F) cor5.00 5.88 6.67 8.00
core
TIC*n 99.0 96.6 94.8 92.2
nc*
~nI ~ 92.7 91.4 90.2 88.2
s
wT, kg/sec 1.01 1.025 1.035 1.06
One additional aspect of the FLOX/H2 performance analy-
sis is that based upon the use of gaseous hydrogen fuel and the calculated
70% FLOX vaporization profile, the FLOX/H2 injector is predicted to have a
10% Rayleigh loss in the 1.56 contraction ratio, 15.2 cm conical chamber.
2
Thus, approximately 768 kN/m face pressure will be required to achieve
689.5 kN/m nozzle throat stagnation pressure.
..
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c. Manifolding and Mechanical Design
The mechanical design of the FLOX/H2 injector design
was heavily influenced by three design factors:
(1) Thrust chamber wall compatibility
(2) Heat transfer to the FLOX
(3) Peak thrust chamber heat flux
The injector design features which relate to each of these factors are dis-
cussed in the following paragraphs. Other notable design features not
relating to the above three factors are:
Seal: The injector/chamber seal consists of a 347
stainless steel O-ring which is installed in a "V" groove.
Injection Tubes: The oxidizer injector tubes are
fabricated in a one piece assembly, termed the element cluster, which is
subsequently brazed into the injector body (see Figure 59, -3 detail).
Valve Interface: A valve seat which matches the
geometry of the OF2/B2H6 valve being developed at ALRC on Contract NAS 7-733
is incorporated on top of the injector at the oxidizer inlet.
(1) Thrust Chamber Wall Compatibility
Good thrust chamber wall compatibility is desired
since the function of this injector is to provide a known heat flux source to
the heat-pipe-cooled thrust chamber. In order to achieve good compatibility,
the injector manifolding system was designed to yield as uniform a distribu-
as possible. In order to assure uniform distribution, "tuning" orifices were
76
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designed into each circuit so that they could be "tuned" during cold flow
tests to yield satisfactory distribution before final assembly of the injec-
tor. In the fuel circuit, the circumferential distribution could be "tuned"
by modifying the diameter of the feed holes through which hydrogen flows from
the outer manifold to the inner manifold. The radial fuel flow distribution
could be adjusted by enlarging the holes in the perforated plate. The flow
in each oxidizer tube could be adjusted by enlarging the orifice diameter at
the tube inlet.
Combustion analyses indicate that sufficient
mixing of the oxidizer and fuel streams will occur before the outer element streams
impinge on the wall and therefore significant streaking under the coaxial ele-
ments is not anticipated. However, the element spacing was chosen so that the
elements can be positioned directly in line with the thermocouples installed
in the walls of the copper thrust chamber so that streaking effects can be
detected during the injector checkout tests.
An additional design feature influencing wall
heat transfer is that the injector face protrudes 1.27 cm into the thrust
chamber so that the wall in this region is exposed only to the film coolant.
This provides an unheated zone for locating the thrust chamber flange and in-
jector mounting studs.
(2) Heat Transfer to the FLOX
It is desirable to minimize heat transfer to the
FLOX so that the operational problems associated with two phase oxidizer flow
can be avoided. Three design features were incorporated to minimize heat
input to the FLOX: (1) the hydrogen manifolding was arranged so that no direct
conduction path exists between the FLOX and the heat pipe; (2), a void cavity
was incorporated between the FLOX and H2 circuits which provides thermal in-
sulation between the FLOX and ambient temperature H2 gas. This void cavity
can also be used as an LN2 flow passage for pre-fire chilldown of the injector;
(3) silica phenolic insulation sleeves were selected for surrounding the injector
bolts and reducing heat transfer into the injector body.-
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Heat transfer to the FLOX in the injector tubes
from the hydrogen is expected to be relatively small. The pressure drop at
the inlet orifices of the oxidizer tubes provide some protection against two
phase flow oscillations since liquid FLOX will exist at the tube inlet even if
2 phase flow occurs in the downstream portions of the tube.
(3) Peak Thrust Chamber Heat Flux
An adjustable and predictable thrust chamber heat
flux is desired so that the heat-pipe-cooled thrust chamber can be tested
under specified heat flux conditions. The adjustable heat flux feature was
incorporated into the FLOX/H2 injector design by incorporating separate core
fuel and fuel film cooling circuits. The injector is designed to operate at
an overall mixture ratio of 5.0 with the fuel film cooling flow rate ranging
from 5% to 25% of the total fuel flow. This yields a peak heat flux range of
326 to 895 watt/cm (2 to 5.5 Btu/in. -sec).
d. Injector Hydraulics
The FLOX/H2 injector consists of three separate hydraulic
circuits which are provided for the oxidizer, main fuel injector, and fuel film
coolant. The injector pattern consists cf 25 co-axial injection elements.
(1) Oxidizer Circuit
The oxidizer inlet is situated at the injector
axis, for symmetry. The oxidizer decelerates from an inlet velocity of
7.5 m/sec into the oxidizer plenum on top of the injector. A 0.140 cm diam-
eter metering orifice is provided at the inlet of each oxidizer element.
This metering orifice provides non-cavitating liquid flow control as well as
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a method for calibrating each injection element during cold flow tests. The
oxidizer element is step drilled for ease of fabrication and has a 0.140 cm
injection tip diameter. The nominal injection velocity is 19.5 m/cec and the
2
total oxidizer pressure drop is approximately 241 kN/m .
(2) Main Fuel Circuit
To minimize the fuel manifold volume and yet obtain
relatively uniform fuel manifold distributions, two inlets are provided 1800
apart and aligned with the fuel film coolant pie sections. Nominal fuel inlet
velocity is 225 m/sec. The fuel is decelerated in the constant area circum-
ferential manifold and then accelerated to 480 m/sec through the 20 cross
feed orifices which feed the main fuel plenum from the circumferential mani-
fold. Since the circumferential fuel manifold is above the plane of the
radial fuel pie manifolds, the cross feed orifices can be directed at a 50°
angle with the pie manifold plane. In this way a splash diffuser effect is
obtained in that the high fuel cross feed velocity is dissipated.
The radial inflow velocity into the fuel plenum
is approximately 195 m/sec. In order to minimize the plenum inlet cross
velocity effect upon the fuel injection distribution, a perforated sheet metal
plate, the diffuser plate, was provided at about the fuel plenum midpoint above
the fuel injection elements. The nominal fuel velocity through the screen is
255 m/sec. This mild axial flow acceleration will tend to straighten out
the radial fuel injection distribution and restrict the fuel recirculation
zones to the upper half of the fuel plenum away from the fuel elements. Once
through the perforated screen the fuel diffuses in the lower plenum providing
all fuel injection elements with a relatively uniform feed condition. The
fuel element design pressure drop is 217 kN/m2 at 810 m/secinjection velocity.
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(3) Fuel Film Cooling Circuit
The film coolant injection slot configuration pro-
duces a film coolant injection velocity of 510 m/sec at an 82 kN/m injection
pressure drop for the nominal 15% fuel flow rate. Since the film coolant
circuit is much softer than the main fuel circuit, low film coolant manifold
velocities must be utilized in order to minimize coolant maldistributions.
The two film coolant inlets are also situated 180°
apart and aligned with the main fuel pie sections. The 240 m/sec inlet
velocity is deadheaded against the main pie manifold and decelerated to
approximately 120 m/sec in the circumferential manifold. The coolant
velocity is progressively accelerated to 150 m/sec and 180 m/sec in the
pie manifold and downfeed slots, respectively. The maximum velocity in the
circumferential distribution manifold immediately above the coolant injection
slots is 180 m/sec. Some circumferential nonuniformities are expected for
the film coolant circuit; however, the variation is predicted to be within
+ 8% of the nominal design flowrate.
e. Injector Heat Transfer
(1) Heat-Pipe-to-Injector Heat Transfer
The total heat transfer rate to the injector from
the heat pipe thrust chamber was estimated to be 38.6 kW (heat pipe
vapor temperature of 925°K assumed). The film coolant hydrogen absorbs
8.3 kW and the core flow hydrogen absorbs 30.4 kW. This yields
maximum hydrogen temperatures of about 325°K for the film cooling circuit
and 3100 K for the core fuel flow.
8Pg7
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(2) Interpropellant Heat Transfer
Heat can flow from the H2 gas to the FLOX through
the oxidizer injector tubes; however, the estimated heat transfer rate is
small and the total FLOX temperature increase between the injector inlet and
injector orifice is expected to be no more than 5°K. The FLOX saturation
temperature at 689 kN/m2 is 108°K; therefore if the inlet temperature is near
78°K the subcooling will be more than sufficient to prevent FLOX bulk
boiling.
The heat flux estimated through the wall of the
FLOX injector tubes is 260 watt/cm based on the tube inside area. This
is about equal to the FLOX peak nucleate boiling heat flux and therefore some
subcooled film boiling may occur within the tubes. This is not expected to be
a problem since the calculated void fraction is small (X0.5%) and the pressure
drop characteristics of subcooled film boiling flows are not known to be such
that peculiar flow behavior will result. Subcooled film boiling is beneficial
from the standpoint that heat transfer from the hydrogen is minimized due to
the low heat transfer coefficients associated with film boiling.
(3) Hot Gas to Injector Heat Transfer
Heating of the injector by combustion gases is not
expected to influence the propellant temperatures within the injector but does
control the injector face temperature. The maximum injector face temperature
was evaluated with a 2-dimensional conduction analysis using the SINDA-3G computer
program (12). Convective cooling by the H2 gas in the injection orifices
and on the backside of the injector were accounted for and a constant input
2
heat flux on the face of 326 watt/cm was assumed (about 1/2 the chamber
wall heat flux with no film cooling). The maximum injector face temperature
was determined to be an allowable 980°K.
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B. INJECTOR FABRICATION AND COLD FLOW
1. Fabrication
The FLOX/H2 injector was fabricated in the following manner:
a. The injector element cluster was machined using EDM
techniques prior to installation in the injector body
and prior to final machining of the main fuel injec-
tion annulus surrounding each oxidizer tube. The
completed element cluster is shown in Figure 69.
b. The injector body was machined using conventional
procedures, the fuel manifolds were welded in place,
and the injector element cluster was brazed in place.
c. Cold flow testing of the fuel circumferential feed
holes,the film coolant distribution manifold, and the
fuel injector orifices was done.
d. The injector face and oxidizer inlet orifices discs
were brazed in place.
e. Cold flow testing of the oxidizer circuit was done.
f. The top and bottom covers were brazed in place, the
ribbed film coolant slot and annular fuel orifices were
EDM machined, and the backside fittings were welded on.
Fabrication of the required adapters was also accom-
plished and the completed injector and adapter are
shown in Figures 70 and 71.
A system for aligning the injector with respect to the
thrust chamber wall thermocouples was devised which consists of aligning
scribe marks on the injector adapter, chamber flange, and chamber wall. The
alignment procedure is as follows: (1) position the tjector-chamber adapter
(Figure 79) with respect to the injector so that the chamber pressure fitting
is in alignment with the scribe labeled "P " on the adapter (this alignment
c
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remains fixed); (2) align the "P " scribe on the adapter with the "A", "B",
c
or "C" scribe on the thrust chamber flange; (3) rotate the thrust chamber
flange with respect to the thrust chamber so that the "A" scribe is in align-
ment with the "1" or "2" scribe on the thrust chamber wall. The combinations
of thermocouple-orifice alignments which are obtained are indicated in
Table 5.
2. Cold Flow Testing
Cold flow testing of the FLOX/H2 injector was done to ensure
adequately uniform propellant injection and the design was modified to some
extent as a result of the cold flow tests. Flow testing of the main fuel and
film coolant circuits was done with N2 gas and the oxidizer circuit was flow
tested with water. The cold flow work is described in the following paragraphs.
a. Circumferential Distribution in Fuel Circuits
The N2 gas flow was measured in each of the feed holes
which connect the outer fuel distribution manifold to the portion of the fuel
plenum located directly behind the perforated diffuser plate. Initial data showed an
irregular distribution in that the flow in the feed holes nearest the two
fuel inlets was about 30% below nominal. This problem was corrected by
enlarging the fuel inlet port diameter to 2.18 cm. After this was done,
the measured flow in each feed hole was within 13% of nominal. The cold
flow data and test conditions are given in Table 6 and the quadrant and
feed hole nomenclature is diagramed in Figure 72.
The flow distribution in the four ports which connect
the outer and inner film cooling manifolds was also determined by flowing N2
gas. The flow in each port was found to be within 6% of the nominal and this
was considered satisfactory.
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b. Injector Face Propellant Distribution
The active fuel and oxidizer flow distributions were
measured at the injector face using gaseous N2 and water as simulants for the
gas hydrogen and liquid FLOX propellants. The cold flow test setups are
shown in Figure 73. For the final injector configuration, the propellant
flow at each element was found to be within 6% of the average. The propel-
lant distribution is listed in Table 3 (orifice nomenclature in Figure 74).
During initial flow tests of the oxidizer circuit, the
flow through the outer row of orifices was irregular and non-uniform (orifices
Al through A12 in Figure 74). It was found that this was due to a peculiar
manifold flow effect. A satisfactory flow pattern was obtained by increasing
the oxidizer manifold thickness by 1/4 in. A 0.63 cm spacer ring was sub-
sequently machined and incorporated into the oxidizer manifold design.
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Preliminary thrust chamber design studies are documented in this section.
This work consisted of further and more detailed evaluations of the heat-pipe-
cooled thrust chamber design concept chosen previously (). The design studies
are incomplete in some areas because the thrust chamber design work was de-
emphasized so that efforts could be concentrated on the heat pipe testing
described in Section III.
The chosen heat-pipe-cooled thrust chamber concept, illustrated in
Figure 1 , consists of an annular sodium heat pipe fabricated from nickel.
The interior surface forms the thrust chamber contour and is the heat pipe
evaporator. The heat pipe condenser wall is located on the cylindrical OD of the
heat pipe. The condenser is regeneratively cooled by diborane flowing in an appro-
priately designed cooling jacket positioned on the exterior of the heat pipe. The
preliminary design work was broken down into 2 parts: (1) thrust chamber heat
pipe design and (2) condenser cooling jacket design.
A. THRUST CHAMBER HEAT PIPE DESIGN
The initial configuration chosen for the thrust chamber heat pipe
design is illustrated in Figure 75 . This configuration was established by
combining the matchup requirements for the injector and the diffuser at the
JPL test facility, and by choosing the internal contour of the copper thrust
chamber planned for use in the injector checkout tests. The Figure 75 geometry
allows for firing into a low back pressure and consequently includes a 5.6/1
nozzle expansion area ratio.
The heat flux distributions of Figure 67 define the thermal design
requirements for the evaporator of the Figure 75 thrust chamber configuration.
a significant feature of these heat flux distributions is that negative heat
fluxes are shown near the injector for the film cooled cases. This indicates
heat transfer out of the wall and into the film coolant. The "negative" heat
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flux estimated for the point adjacent to the injector is quite large and subject
to considerable error since the hydrogen-to-wall film coefficient in this region
is difficult to predict. The significance of this "internal-regenerative"
effect is that sodium condensation will occur on the evaporator wall in this
region and the heat pipe must be designed to facilitate this condensation.
Further discussion of these calculated heat flux distributions is given in the
injector design section of this report (Section III,A,2,a).
The heat transfer rates expected to be transmitted from the heat
pipe wall to the film coolant (QFC) and from the heat pipe condenser to
the regenerative cooling jacket (QCj) are tabulated on Figure 67 . The cooling
jacket heat transfer rates and the corresponding diborane outlet temperatures
are listed in the following tabulation. (Assumptions: 133°K inlet temperature,
0.292 kg/sec flow rate, and 1380 kN/m average pressure):
% Film Cooling QCJ' kW Tout' K
0 530 618
5 479 580
10 390 489
15 306 378
20 211 122 (saturated vapor)
25 151 122 (2 phase)
It was found that the design and fabrication of the working model
design could be simplified a great deal without compromising the technical
objectives of the program by designing the thrust chamber to operate at sea
level. The configuration was subsequently modified and the pertinent design
parameters for the modified configuration are listed below:
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1. Nozzle Expansion Ratio = 1.875
2. Nozzle Exit Diameter = (1.78 in.) 4.52 cm
3. Axial Distance Between Throat and Exit Plane = (2.0 in.) 5.08 cm
4. Static Pressure at Nozzle Exit = (13.5 psia) 93 kN/m2
5. Cooling Jacket Flow Rate = (0.35 lb/sec)(Diborane) 0.158 kg/sec
6. Diborane Cooling Jacket Temperatures:
Inlet = (240°R) 133°K
Outlet = (660°R)(with 15% film cooling) 367°K
7. Design Operating Conditions as follows:
Maximum Heat Flux, Cooling Jacket
% Film Cooling watt/cm2 Heat Transfer Rate, kW
15 650 156
25 326 54
The preliminary thrust chamber heat pipe design established by
RCA is presented in Figure 76 . This design concept is based on a cast nickel
powder evaporator wick with axial rectangular feeders. The feeders could be
either the screen layer type design or the platelet type design which are
described in Section II. The condenser wick is a screen mesh wick and is
attached to the condenser wall. The condenser wall shown actually represents
the inside diameter wall of the cooling jacket. Axial thermal expansion mis-
match between the evaporator wick and the feeder sections is relieved by slotting
the evaporator/feeder interface joint. Radial thermal expansion mismatch
between the evaporator and condenser walls is relieved by forming full radius
convolutions in the condenser end of the feeder sections. There are 30 feeders
equally spaced radially about the evaporator giving a center-to-center feeder
spacing at the thrust chamber throat of 0.76 cm. A condenser diameter of 30.5 cm
was chosen for this preliminary configuration.
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Fabrication of the evaporator wick for the thrust chamber from
sintered nickel powder will be substantially more involved than the wick
fabrication performed for the cylindrical heat pipes discussed in Section II
of this report. In order to evaluate this fabrication problem, the fabrica-
tion experiment wick design shown in Figure 77 was devised. The fabrication
experiment wick consists of sintered nickel powder cast onto a cylindrical
surface in three 120 sections (each section cast separately). Wick casting
techniques would be developed and evaluated during the fabrication of this
device.
An RCA radial heat pipe computer program was used to conduct the
required design analyses. Initial efforts using this program provided design
parameters not directly correlatable to the application since the program
used a uniform heat addition/removal and constant diameter geometry. The
actual device possesses varying cross-sectional input area and a varying heat
flux rate along the thrust chamber axial length. Thus, a geometric shape and
total thermal capacity of the heat pipe could not be established.
The RCA computer program for radial heat pipes was subsequently
modified to enable the conditions of varying input area and heat flux to be
accounted for. The program was modified by dividing the heat pipe into eight
individual cells along the axial length of the heat pipe as shown in Figure 78.
Thus, each cell was treated according to its respective input area and thermal
flux. Using this approach, average vapor temperatures were calculated for
normal and + 30% heat input levels at the 15% and 25% barrier cooling conditions
and for fluid temperatures of 870°K (1112°F) and 920°K (1200 F). The results
are summarized in Table 8. Other design parameters were calculated for the
15% and 25% barrier cooling conditions at a fluid temperature of 920°K (1200°F)
and they are summarized in Table 9.
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Gas-side wall temperature distributions for a film cooled heat pipe thrust
chamber were determined to evaluate the possibility of freezing the sodium in
the vicinity of the thrust chamber where the relatively cold (ambient temperature)
H2 film coolant is introduced. Gas-side wall temperatures calculated for repre-
sentative values of wall thermal resistance and film coolant flow rate are shown
in Figure 79. The gas-side wall temperature was found to be 220°K or more
above the sodium' melting point (370°K) in the region where heat flows into the
film coolant (axial distance less than 7.6 cm for 25% fuel film cooling). Since
the sodium temperature is always between the gas-side wall temperature and the
heat pipe temperature, it is clear that freezing of the sodium cannot occur.
The use of OF2 /B2 H6 or FLOX/H2 as propellants presents a hydrogen
rich atmosphere in the thrust chamber combustion area, particularly when
boundary cooling is utilized. Hydrogen is capable of permeating through nickel
at the range of wall temperatures anticipated. Sodium in the presence of
hydrogen forms a hydride, NaH which reduces at approximately 1070°K (1472°F).
However, there is no analytical evidence available to predict the effects of
this reaction on critical parameters such as wetting angle. Limited test results
obtained at RCA on cylindrical sodium heat pipes tested in a flame heat source indica-
ted the heat pipes became "gas loaded" with H2 when subjected to the flame for
1/2 hr to 2 hr periods. Operation of these heat pipes in a vacuum environment,
using a different heat source, would remove the hydrogen. However, performance
always appeared to be somewhat degraded following such operations. Therefore,
a preliminary investigation was made to determine the approximate degree of
hydrogen penetration into the heat pipe chamber at an operating temperature of
1070°K(1562°F). The calculations indicate that in a 1000 second test it is
possible to accumulate up to 3.9 atmospheres of hydrogen in the heat pipe
chamber. This estimate is extreme and was obtained assuming 100% hydrogen
is available over the entire surface area of the thrust chamber and that none of
the permeating hydrogen will escape from the heat pipe chamber during the 1000
second test. While neither of the assumed conditions is likely to prevail, the
condition appears severe enough to warrant attention.
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The hydrogen gas which does permeate into the heat pipe will most
likely escape at the low pressure end of the thrust chamber. With this in
mind, it then becomes a question of what reactions take place during the time
the hydrogen gas is present with the sodium and what heat pipe vapor tempera-
ture will prevail during the desired 15 minute operation. A study of the
reactions between sodium and hydrogen from Reference 13showed the following:
1. Sodium hydride forms with sodium in solid form.
2. Sodium hydride is not soluble in liquid sodium below 420°K
(302°F).
3. Maximum temperature of formation is 470 - 620°K (392-662°F).
4. It forms as a white crystalline solid .
5. There is no melting point recroded but rather NaH appears to
dissociate to Na and H2 fully before melting.
6. Thin layers of solid NaH form to impede further reaction6 how-
ever, the layer dissolves in liquid Na above 4200 K (302 F).
The dissociation pressure for NaH is given by the following equation which is
plotted in Figure 80.
Log P (mm) = A/T + B
where: A = -6100, B = 11.66, T = Temperature, °K
The thrust chamber heat pipe operating pressure will be on the order of one
atmosphere and the temperature will be in the range of 870 to 1020°K(1100 to
1400°F). Therefore, according to Figure 13, it is doubtful that any solid
NaH will exist for appreciable time intervals since decomposition of the NaH
should occur as soon as it is formed. However, if solid NaH were to form it
would form in the evaporator wick where it could impede the flow of sodium
and for this reason, the hydrogen permeation has been a matter of concern.
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RCA has indicated that the H2 permeation will probably have.no
effect on the operation of the thrust chamber heat pipe for relatively short
firing durations (less than 2 minutes). However, they feel it is possible for
operation to be impaired over relatively long time periods (10 to 20 minutes).
The potential for hydrogen permeation can be eliminated by utilizing different
thrust chamber wall materials (molybdenum for example) or by applying permeation
barrier coatings such as aluminum oxide to the thrust chamber wall. Because
of this potential problem, it is believed that future thrust chamber heat pipe
designs should include adequate temperature and pressure instrumentation so
that the heat pipe performance can be monitored during relatively long tests.
B. COOLING JACKET DESIGN
Preliminary cooling jacket design was initiated by the preparation
of a computer program for the thermal design of the condenser cooling channels.
Heat transfer within the cooling channel is relatively complex because the
diborane will enter as a subcooled liquid and exit as a superheated gas and
consequently some substantial variations in heat transfer coefficient can
occur within the channel. The computer program was written assuming diborane
as a coolant but it can be easily modified so that other coolants can be con-
sidered. The best available diborane physical properties were incorporated and
interpolations and extrapolations of the properties data were made when necessary.
The computer program was utilized to obtain the design analysis results presented
in this section. A listing of the program and a brief summary of the formulation
is given in Appendix A.
The initial thermal design calculations for the cooling jacket
were performed assuming the 5/1 nozzle geometry shown in Figure 75. The initial
results are shown in Figure 81 which show the relationship between condenser
length and diameter (cylindrical shape assumed) for the 15% film cooling case.
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The parameters shown are coolant pressure drop and the ratio of condenser wall
thermal resistance to the total cooling jacket thermal resistance.
The curves in Figure 81 were established by analyzing a series of
cooling channel designs. The assumed configuration, shown in Figure 82,
consists of a single constant width rectangular channel with a spiral flow path
and linearly increasing flow area. A copper wall incorporating lands which act
as conduction fins between channels was also assumed. (Additional wall thermal
resistance can be provided by a grooved nickel cylinder brazed to the cooling
jacket ID as shown in Figure 53 of the Interim report). In these initial cal-
culations, the wall thermal resistance and inlet velocities values were esta-
blished assuming an average coolant side heat transfer coefficient equal to
the value at the channel inlet. The channel area ratio for which this assump-
tion was true and the corresponding pressure drop were then calculated. The
calculations showed that it is desirable for the flow area to increase along
the channel length so that excessive gas velocities do not occur.
This initial design study indicated that the primary design variables
are condenser diameter and wall thermal resistance. Spacecraft packaging
constraints and propellant tank pressure limits dictate that the diameter should
not exceed 25 to 30 cm and that the pressure drop should not exceed about 172
2kN/m2 . It is desirable for a relatively large portion of the condenser thermal
resistance to be contained within the wall due to the uncertainties involved in
estimating the local heat transfer coefficient with two phase flow; however,
the calculations show that large wall resistance values require large diameters
or high pressure drop.
In subsequent work, the thermal analysis was revised to include the
shorter chamber geometry and lower diborane coolant flow rate chosen for the sea
level thrust chamber design. The initial calculations were also performed
for the single channel, spiral flow, copper wall concept. This design has
certain drawbacks, but was considered a good starting point for thermal design
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analyses. Fixed values of wall thermal resistance and a channel with constant
passage width and land width were assumed since this represents the simplest
spiral configuration to fabricate.
The results of the copper wall thermal analyses are summarized in
Table 10 in which channel designs are listed for assumed values of condenser
diameter and wall thermal resistance. The major design variables are inlet
velocity and channel area ratio and the designs were established by finding
combinations of these parameters which yielded the desired total heat transfer
rate of 158 kW. These results show that smallest coolant pressure drops
are obtained with relatively large condenser diameters and small values of
wall thermal resistance. A condenser diameter of about 25 cm appears to
provide a reasonable configuration.
For a given wall thermal resistance, the effect of increased
diborane inlet velocity is to decrease the coolant pressure drop. This is
because higher heat fluxes are obtained in the liquid diborane region and
consequently lower velocities are required in the gas region where the pressure
drop is high. The higher inlet velocities also yield a more uniform heat flux
distribution along the cooling channel and this is advantageous in that it
minimizes sodium cross flow in the heat pipe condenser wick. For example,
for a 25 cm diameter condenser with 0.63 cm nickel wall, a 3 m/sec inlet
velocity channel design would produce a + 40% heat flux variation while the
variation would be + 20% in a 6 m/sec design. The drawback of high inlet
velocities is that fairly large channel flow area ratios are required and this
tends to produce excessive cooling jacket weight.
A critical review of the foregoing cooling jacket design concept
indicated that braze joints between the heat pipe condenser wick and the cooling
channels were undesirable since an unknown thermal resistance could easily be
introduced if a 100% braze joint were not obtained. Consequently, a design
concept incorporating an integral cooling jacket/condenser wall fabricated from
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nickel was chosen.
Thermal design results for the spiral flow, nickel wall concept
were obtained and they are summarized in Table 11. The general trends are the
same as noted for copper wall designs. Comparison of the Tables 10 and 11
results show that the nickel wall designs tend to have higher pressure drop
due to the reduced fin effect produced by the land area between channels with
nickel walls. The coolant pressure drop for a design with 3 spiral channels
flowing in parallel is much lower than in a single channel design due to the
lower L/D values obtained and this indicates that parallel circuits are
advantageous. Cooling jacket weights were also calculated for the nickel
designs. The weight values are strongly influenced by the assumed condenser
wall thickness and therefore weight values shown merely indicate trends. A
thicker wall tends to require higher coolant velocities and consequently
smaller channels, lower weight and higher pressure drop. The trade off between
weight and pressure drop produced by choice of wall thickness must be further
evaluated before a final design is chosen.
The spiral cooling channel was also critically evaluated and it
was established that this design concept involves lower pressure losses than
axial flow designs due to the smaller turning losses. However, a potential
disadvantage is that the spiral channel may tend to act as a liquid separator
in the two phase region due to centrifugal force effects and this could influence
the diborane heat transfer characteristics. For example, in the copper wall
designs previously cited ( 25 cm condenser diameter, 0.63 cm nickel wall,
3 to 6 m/sec inlet velocity) the ratio of centrifugal forces to frictional
forces was found to be about 5/1. The significance of the centrifugal effect
is not known; however, it appears that axial flow designs should be evaluated
in future work so that a choice between these two concepts can be made at a
later date.
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The potential of diborane decomposition within the flow passages
of the cooling jacket is a matter of concern because the occurrence of decom-
position can lead to the deposition of solids and eventual plugging of down-
stream flow passages. In addition, shock sensitive ,yellow solids" which are
potentially hazardous can be formed during diborane decomposition. Diborane
decomposition data at relative low temperature are available and these are
summarized in Reference 14. Extrapolations of these low temperature data have
been made and the results indicate that significant amounts of decomposition
can occur during relatively short periods of time at temperatures over 366°K
as shown in the followingJtabulation.
Time Required for 1% Time Required for 10%
Temperature, °K Decomposition, sec Decomposition, sec
310 12,000 100,000
366 120 1,500
421 1.7 20
478 0.043 0.41
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A = Area
A = Average area
d = Cooling channel depth
f = Friction factor
g = Gravitational Constant
h = Enthalpy
h = ave Average heat transfer coefficient
ave
h = Gas side heat transfer coefficientg
hL = Coolant heat transfer coefficient
k = Thermal conductivity of nickel
L = Land width
a L = Distance between stations
P = Pressure
P P Frictional Pressure Dropf
Q = Heat transfer rate
QCJ = Heat transfer rate to cooling jacket
R = Reynolds number
R = Wick and wall thermal resistance
w
T = Temperature
Taw Adiabatic wall temeperature
aw
TbTb = Coolant bulk temperature-
Th = Heat pipe or vapor temperature
.hp
out Coolant outlet temperature
T = Coolant side wall temperature
w
T = Gas-side wall temperature
wg
AT = Temperature difference _
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AT
evap
(AT)axial1
(AT) latera1 l
AT
radial
t
teff
U
V
W
where:
x
X
Pp
0
Subscripts
liq
vap
1
2
ID
= Temperature drop at evaporative surface
= Temperature drop along heat pipe axis
= Temperature drop perpendicular to heat pipe axis
Radial temperature drop
= thickness
Effective wall thickness = t wall + ( p-W)( t) wick
PWPW= Wick to solid nickel density ratio
pN
= Overall heat transfer coefficient
= Velocity
= Weight flow or coolant passage width
= Lateral distance from the evaporator midplane, in.
= Quality
= Density
Heat flux
-= refers to liquid
= refers to vapor
= upstream condition
= downstream condition
= one-dimensional conduction
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TABLE 2
TABULATED HEAT PIPE TEST DATA
HEAT PIPE 10 TEST DATA
Run Q watts Q/A watt/cm2
25 820
26 683
27 1421
28 1647
29 2190
31 979
32 668
33 2389
34 2290
35 2915
38 1940
39 2500
40 2890
41 3101
42 3152
126
105
219
253
337
151
103
368
352
449
299
386
445
478
486
Vapor
T 0 0° C T2° C 4 C1, c 2 4
806
847
919
971
1049
777
848
989
1043
1163
921
1022
1133
1192
1202
755
815
777
835
850
675
817
788
810
853
743
805
855
877
874
698
749
659
703
681
615
752
617
635
646
588
615
640
642
636
HEAT PIPE 11 TEST DATA
q2 watts Q/A watt/cmRun Q watts Q/A watt/-cm.-
Vapor
T 0° C T3°C T2° C 4 C1,C 3 2 4
23 474
24 590
25 615
26 542
27 553
28 1432
37 1139
38 1682
39 2265
40 2855
41 3003
42 2432
43 3024
44 3106
Table 2
Sheet 1 of 4
73
91
95
83.5
85
220
175
259
349
440
467
374
465
478
504
772
792
790
774
809
697
777
820
1005
1092
987
1105
1110
525
811
820
810
803
861
801
861
962
1068
1099
1034
1110
1115
497
765
790
785
773
768
642
716
788
868
917
836
926
932
472
720
742
742
741
650
561
604
625
642
647
634
652
652
Table 2 (cont.)
HEAT PIPE 11 TEST DATA (cont.)
Run Q watts Q/A watt/cm2
(1)
(1)
(1)
(1)
46
47
48
49
2210
2197
2474
2584
(2) 52 2175
(2) 53 2355
341
338
381
398
335
363
Vapor
T 0° C T3°C T2° C 4C1, C 3 2 4
905
935
952
964
1042
1082
1092
1095
765
763
796
808
615
595
616
620
886 1082 750 667
898 1107 761 618
54 2353
55 2892
56 3016
57 2318
363
446
465
357
1031
1114
1147
1002
1045
1094
1107
1025
840
916
950
856
(1) Heater Rotated 90°
(2) Heater Rotated 180°
HEAT PIPE 12 TEST DATA
Total
Power
watts
Q/A
W/cm2
Vapor
Tl°C T2°C T3°C T4°C T5°C T6°C
* 3 BC
* 6 BC
*10 BC
*19 BC
*30 BC
276
424
910
1048
1162
44
65
140
159
179
*33 AC 825 127
*34 AC 924 142
550
678
850
890
910
546
677
865
890
892
842 854
866 876
NR
NR
NR
NR
NR
517
618
800
820
834
NR 757
NE 796
NR 546
NR 647
NR 812
NR 837
NR 843
NR 797
NR 808
NA
- NA
- NA
NA
NA
NA
NA
(2) 37 W 1185
38 W 1958
39 W 2386
40 W 2470
43 W 2480
44 W 2532
45 W 3146
(1) Letter In
(2) Heat Pipe
183
302
360
381
382
406
485
820
954
971
971
1104
1128
1130
768
836
820
820
887
888
885
780
860
851
852
933
942
938
660
668
625
609
677
657
623
788
902
902
897
1000
1028
1010
657
661
607
583
653
625
577
10 8.5
12 8.5
25 4.0
40 2.7
15 8.0
22 5.3
50 2.7
Run No. Denotes Coolant: F.W - water
Vertical, Test No. 37-65
* Processing Data, Heat Pipe Horizontal:
102
BC - Before Closure
AC - After Closure
Table 2
Sheet 2 of 4
624
651
667
638
(1)
Run
No.
oC
A Temp
Gas
Press.
kN/m
Table 2 (cont.)
HEAT PIPE 12 TEST DATA (cont.)
Gas
(1) Total °C Gas
Rim Power Q/A o reRun Power Q/Acm2 T1 C T2°C T3°C T40°C T5°C T6°C ATemp kN/m
No. watts W/cm 1 2 3 4 5 6 ______
48 Ar 2205 340
51 He 1279 197
960 830 865 670 887 657
813 779 785 660 798 654
13 8.9
8 8.5
52M 2628 405 1005 867 898 650 917 620
53M 3183 490 1061 896 937 630 955 576
54M 3378 520 1127 917 975 643 1002 594
55M 3458 533 1142 930 1032 641 1043 577
56M 3578 551 1137 932 997 643 1016 580
57M 3830 590 1154 970 1042 658 1040 588
58M 3936 607 1165 973 1049 687 1048 577
60M 3372 520 1149 982 1047 697 1032 642
61M 3019 465 1081 935 986 698 983 643
62M 2797 431 1041 910 950 693 948 643
63M 2797 431 1033 901 940 682 934 620
64M 3214 495 1102 945 1000 693 989 620
65M 3471 535 1156 986 1050 704 1043 623
29 5.3
80 2.7
48 2.7
75 2.7
75 2.7
70 2.7
80 2.7
23 8.0
21 8.0
20 8.0
27 6.6
29 6.6
32 6.6
(1) Letter in Run No. Denotes Coolant: Ar - Argon, He - Helium,
M - N2 /H2 0 Mixture
HEAT PIPE 13 TEST DATA
QEB Qtot Q/A watt/cm2
-~~~~~~~~~~~ to
- 150
216 366
868 1018
1850 2000
23
56
157
306
T °C1
576
629
681
NR
T5°C T3°C
583
625
675
725
595
649
720
795
Iog
Table 2
Sheet 3 of 4
T2°C
586
645
712
791
Vapor
T 4°C4
401
589
589
587
Table 2 (cont.)
HEAT PIPE 14 TEST DATA
Data
Pt.
(1) (1)
QEB Qtotal
watts watts Q/A watts/cm
la 531
2a 815
3a 1200
4a 1660
2 735
3 1170
4 1710
5 2290
6 2640
7 2900
8 3200
9 3360
10 2630
11 2690
12 2980
13 3220
14 3440
15 3550
16 3640
17 3800
18 4000
19 4080
21 1320
22 2100
23 2370
24 2730
695
979
1364
1824
899
1334
1874
2454
2804
3059
3359
3519
2789
2849
3139
3379
3599
3709
3799
3959
4159
4239
1446
2226
2496
2856
107
151
210
281
139
206
289
378
433
470
518
542
428
440
484
520
555
571
585
610
641
652
223
348
384
440
Argon
Vapor Press.,
T4°C TlC T2°C mm Hg4 1 2 _ _
600 656 656
605 691 687
615 742 730
609 785 745
657 754 739
652 781 758
640 826 775
650 887 815
655 930 836
640 970 835
642 1061 852
640 1099 865
632 968 815
608 943 799
620 1000 824
622 1055 835
630 1103 860
615 1136 885
615 1128 872
617 1152 890
620 1184 925
625 1200 950
610 759 717
617 861 774
656 974 812
610 1035 798
20
23
23
23
48
48
48
48
48
48
48
48
49
21
21
21
21
21
15
15
15
15
50
50
50
50
QEB = Electron Bombardment Heat Input
Q = OEB + QRad
QRad = Thermal Radiation Heat Input
104
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kN/m2
2.7
3.1
3.1
3.1
6.4
6.4
6.4
6.4
6.4
6.4
6.4
6.4
6.5
2.8
2.8
2.8
2.8
2.8
2.0
2.0
2.0
2.0
6.7
6.7
6.7
6.7
(1)
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TABLE 5
THERMOCOUPLE - ORIFICE ALIGNMENTS
P Fitting
Position
"A" Scribe
Position
Position of 300
Thermocouples
Under Orifice A6
Halfway between A6 and A7
Under Orifice A12
Halfway between A12 and Al
Under Orifice All
Halfway between All and A12
Chamber
Circumferential
Position
Thermocouple Numbers
(See Notes Below)
21, 31, 41
12, 22, 32, 42
13, 23, 33
24, 34
25, 35
46
Thermocouple numbers marked on thrust chamber wall. First
Digit in thermocouple number indicates axial position from adapter-
chamber flange interface as follows:
First Digit: 1 2 3 4
Axial Position: 1.5" 3. 0" 4. 5" 6" (throat)
Table 5
A
A
1
B
2
B
1
C
2
C
1
2
300
900
180°
270°
3000
3300
NOTE:
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TABLE 6 - CIRCUMFERENTIAL FUEL DISTRIBUTION
Nominal Wi/Wtotal = 5%
INITIAL
HOLE Wi/W total'
* 1
2
3
4
5
Total
3.5
5.5
5.9
5.6
5.1
25.6
FINAL
Wi/W total' %
4.9
5.25
5.65
5.45
5.0
26.3
II 6 5.1 4.9
7 5.2 5.3
8 5.6 5.1
9 5.4 5.15
* 10 3.90 4.65
Total 25.2 25.1
III * 11 3.7 4.65
12 5.2 4.8
13 5.1 5.25
14 5.20 4.95
15 5.20 5.1
Total 24.4 24.8
IV 16
17
18
19
* 20
Total
4.7
5.1
5.6
5.6
3.8
24.8
4.65
4.9
5.0
4.65
4.7
24.2
* Adjacent to inlet
10S Test Conditions:
N Flow Rate = 0.115 lb/sec = .052 kg/se2
Table 6 Inlet Pressure = 4.3 psig = 29.6 kN/m2
Inlet Temperature = 43°F = 2800 K
QUADRANT
I
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INJECTOR PROPELLANTE 7
INJECTOR PROPELLANT DISTRIBUTION
Row Orifice
A 1
2
3
4
5
6
7
8
9
10
11
12
1
2
3
4
5
6
7
8
C
D
1
2
3
4
1
Wf/Wf ave
0.955
1.0
0.955
0.985
1.01
1.045
1.01
1.005
0.985
0.99
0.99
0.98
0.985
1.0
1.0
0.99
1.0
1.005
1.0
0.97
1.025
1.02
1.025
1.02
1.025
W /WWo/W o ave
0.995
1.028
1.015
0.995
0.962
0.985
1.0
1.0
0.944
1.015
1.02
1.03
1.05
0.995
0.97
0.97
1.0
1.028
1.005
1.028
1.0
0.995
1.0
0.984
1.025
MR/MR
ave
1.043
1.028
1.062
1.01
0.951
0.97
0.95
0.99
0.96
1.06
1.02
1.08
1.07
0.99
0.97
0.98
1.0
0.98
1.0
1.06
0.97
0.97
0.97
0.96
1.0
Nominal MR
157% FFC, MR = 5.85
ave
6.1
6.0
6.2
5.9
5.55
5.7
5.55
5.8
5.6
6.2
5.95
6.3
6.25
5.8
5.7
5.75
5.85
5.75
5.85
6.2
5.7
5.7
5.7
5.6
5.85
Inlet Pressure
kN/m2 (psi)
29.6 (4.3)
226 (32.6)
(Chamber Pressure = Atmospheric
Table 7
Total Flow
Rate, kg/sec Inlet 
(lb/sec) Temp(°F) K
0.052 (0.115) (43) 280
0.69 (1.53) 10 (66) 292
pressure)
FLOX/H2
Circuit
Fuel
Oxidizer
Fluid
GN2
Water
1
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TABLE 8
CALCULATED HEAT PIPE VAPOR TEMPERATURES
Gas Side Boundary
Condition
15% H2 Film Cooling,
Nominal Q
15% H2 Film Cooling,
Q 30% Below Nominal
15% H2 Film Cooling,
Q 30% Above Nominal
25% H2 Film Cooling
Nominal Q
25% H2 Film Cooling
Q 30% Below Nominal
25% H2 Film Cooling
Q 30% Above Nominal
Fluid
Temperature °C (F)
600/650
(1112/1200)
600/650
(1112/1200)
600/650
(1112/1200)
600/'650
(1112/1200)
600/650
(1112/1200)
600/650
(1112/1200)
Average 
Vapor Temperature C ( F)
531/626
(988/1158)
552/631
(1023/1167)
(1)/620
( (1)/1147)
573/638
(1064/1178)
578/640
(1070/1183)
568/636
(1053/1175)
NOTES: Q = Net heat transfer rate from combustion gases
(1) Not an allowable condition due to evaporation limitation
Table 8
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Condenser
Diameter,(in) c
30.4
30.4
30.4
30.4
30.4
30.4
30.4
TABLE 10
COPPER WALL COOLING JACKET THERMAL DESIGN RESULTS
One Circuit Spiral Channel Cooling Jacket Design
Copper Wall with Nickel Liner
1.27 cm Channel Width, 0.38 cm Land Width
Wall V. AP Channel
Thickness, cm n kN/m2 Area RatioThickness,__ rnm /sec
.216 1.5 6.9 6.3
3 6.2 16.6
4.5 5.8 28.4
6 5.5 40
.635 1.5
3
4. 5
16.5
14.5
13.1
3.8
10.4
18
Channel
Height, (in) cm
1.62
.81
.54
.4
1.62
.81
.54
- 10.3
- 13.4
- 15.4
- 16.3
- 6.2
- 8.4
- 9.8
1.62 - 3.1
.81 - 4.7
.54 - 5.8
.4 - 6.8
.81 - 2.4
.54 - 3.1
.4 - 3.7
.81 - 2.3
.54 - 3.1
.4 - 3.7
.325 - 4.1
.54 - 1.6
.4 - 1.9
.325 - 2.2
.4 - 2.7
.325 - 2.1
.28 - 2.8
113
Table 10
25.4
25.4
25.4
25.4
25.4
25.4
25.4
22.8
22.8
22.8
22.8
22.8
22.8
22.8
20.3
20.3
20. 3
.216
.635
.216
.635
.216
.216
.216
1.5
3
4.5
6
3
4.5
6
3
4.5
6
7.5
4.5
6
7.5
6
7.5
9
55
34.4
27.6
24.8
110
99.5
79.3
117
83
68.9
67.5
317
268
228
241
201
193
1.9
5.8
10.8
16.8
3
5.8
9.2
2.9
5.65
9
12.7
3
4.7
6.75
6.6
6.6
8.7
Condenser
Diameter, cm
30.4
30.4
30.4
30.4
30.4
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TABLE 11
COPPER WALL COOLING JACKET THERMAL DESIGN RESULTS
1 Circuit Design 3 Circuit Design
W = 1.27 cm L = 0.635 cm W = .635 cm L = .318 cm
in Channel P Wt. Channel P2 Wt.
n/sec Height, cm kN/m kg Height, cm kN/m kg
1.5 1.62 - 2.03 114 22.4 1.08 - 5.5 13.8
3 .81 - 3.25 75 24.8 .54 - 7.0 12.4 42.3
4.5 .54 - 3.93 69 26.3 .36 - 7.6 12.4
6 .4 - 4.4 65.4 28 .27 - 8.1 13.1 48
7.5 .32 - 4.9 64.7 30.2 (wt. excessive)
25.4 1.5 (AP excessive) 1.08 - 2.5 42.7
25.4 3 .54 - 3.5 33 20.9
25.4 4.5 .36 - 4.0 31.7
25.4 6 .4- 2.3 193 16 .27 - 4.5 33 24.1
25.4 7.5 .32- 2.5 186 16.6 (wt. excessive)
25.4 9 .27 - 2.7 180 17
22.8 1.5 (AP excessive)
22.8 3 .54 - 1.3 165 10.4
22.8 4.5 .36 - 2.0 124
22.8 6 .27 - 1.86 114 11.4
22.8 7.5 .216 - 2.07 110
NOTE: W = Channel Width
L = Land Width
Condenser Wall Thickness = 0.10 inches = .254 cm
114i
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COOLING JACKET
Regeneratively Cooled Heat Pipe Thrust Chamber Concept
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To Argon Gas Pressure System
and 1/8" 
Swage Lock Fitting
1/8" O. D, /
Nickel Tubing
Water Cooled
Load
\ c
1/2"
(1.27 cm
Return
Fluid
Mesh Wick 
1/4" x 1/4" Tks Nickel 
Bars Close Spaced Braze
to Shell with 1/4" Nickel
Tubing
Electron Bombardment
Heater Support Flange
Seal Off
A.- l n'
3-7/8"
(9. 843 cm
I (
11 ,
1-1/4" (3. 175 cm)
I
6-1/4"
15.875 cm)
(2. 4cm)
I I . v ' { .... "' Powdered Nickel
Heated Diameter Wick Under Test
Heat Pipe 7 Design
1 SG
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1" x 1/8"
(6) floles, Groups
of 2, 3/8' Dia.,
Spaced 120° apart
Outer Wick (6) wraps
120 x 120 Mesh
Radial Cross Feeds
(9) Layers 120 x 120 Mesh
Spot Welded to Inner and
Outer Wrap
0='
II~ Inner Wick
(8) Wraps 120 x 120 Mesh
(.365 O.D. x.250 1. D.)
(3) Thermocouples Placed (0.019")
from Wick (0.0135 Dia. Holes)
. 070" Thick Nickel Powder Evap. Wick
Heat Pipe 8 Design
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Figure 13 - View of Heat Pipe 8 Condenser and Return Wick Structure 
Figure 14 - Heat Pipe 8 Components 
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Figure 15 - Heat Pipe 8 After Assemble 
Figure 16 - Heat Pipe 8 Evaporator Wall 
Burnout 
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Figure 17 - Heat Pipe 8 EvaporatorMPost Test) 
Figure 18 - Heat Pipe 9A Feeders and Condenser Wick 
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_~~~~~~~~
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trough.
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Trough Wick holder fabricated
1.0 in. x .030 in. x from .005 in. Nickel 
.- a in. deep plate
---- .020 in.
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Section A-A 
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Figure 21 - Cross Section of Burnout Area, Heat Pipe 9A 
Figure 22 - View of Evaporator Wick "Blister" from Aft End of Heat Pipe 9A 
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Curve Temp (°C) °K
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A O Heat Pipe No. 10
i 0 Heat Pipe No. 12 '
NO Slash - Water Cooled
One Slash - N2 /Water Cooled
2 Slashes - H cooled
3 Slashes - Ar Cooled
r
A A Evaporator Midpoint
0 0 Under Feeder
A/ 1
No. 10
No. 12
Evaporator
Midpoint
I&
A
ID + Max. Error
Heat Pipe No. 12
ID for No. 12
for No. 10
Btu2in-secBtu/in _sec
2 3
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Heat Flux, (Watt/in ) x 10-4
Comparison of Heat Pipe No. 12 and Heat Pipe No. 10 Test Data
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Q = 306 kW
15% H2 Film Cooling
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The computer program utilized to perform thermal design calculations
for the condenser cooling jacket is listed on the following pages. The
program was written specifically for the case of diborane cooling and considers
liquid, 2 phase, or gaseous flow. The program was written in Fortran V
language for the Univac 1108 computer.
The analysis utilizes a one-dimensional control volume approach,
dividing the coolant passage into sections and solving the continuity,
momentum and energy equations for each section.
Continuity:
p V A = W at any station
Momentum:
Energy:
h hi Qj~w2i21
h2 1 Q/ 2gJ E(p A )2 (P A21 1 2 ]2
2 (p2 A2 )2
The pressure drop is calculated using the mean area of the section.
Single phase pressure drop is calculated using the Carcy equation:
A 144 f AL gW} 2
Pf 2 gpD eq
where f, the moody friction factor, is given by:
193
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f = 0.3164/R 1 /2
f = 0.014
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for R < 2.6 x 10 , and
for R > 2.6 x 105
In the two phase region the following approximate relations were used:
APf = APfliq
APf
i1 .y ap_1 85 1.6 ap -1 X + 1 ; 0 < X < 0.85
I ~~t liq 
APf = Pfliq
F
1(5.0 - 4.OX)
[.
AP -;APf 
yap 
APf I
liq 1
.85 < X < 1.0
Where X is the vapor quality. These equations were derived by observing the
general characteristics of two phase flow pressure drop data.
The heat transfer to the fluid is calculated utilizing an overall
heat transfer coefficient and the thermal network shown in Figure Al.
Q = UA (Theat pipe Tcoolant)
The hot sodium side film coefficient is assumed to be very large, thus U becomes:
U = [1/have + R -1
ave w
The parameter have is an equivalent film coefficient which includes the effect
ave
of heat transfer from the land adjacent to the flow passage. The effect of
heat transfer from the land is approximated by assuming the land behaves as a
fin which has a constant base temperature, is cooled on the sides via constant
h
L
value, and is insulated on the end. The fin effect is then incorporated
into the analysis as an effective heat transfer coefficient as shown in Figure Al.
1194
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In the subcooled liquid region of the cooling jacket, forced con-
vection heat transfer is initially assumed. The validity of this assumption
is then evaluated by comparing the wall temperature to the local saturation
temperature (T sat). If Tw > Tsat the forced convection assumption is dis-
sat w sat'
carded and nucleate boiling is assumed to occur. The nucleate boiling
mechanism is approximated by setting T = T + 50°R and a nucleate boiling
w sat
heat flux is calculated. This heat flux is compared to the peak nucleate
boiling or "burnout" heat flux (OBO) and if it is greater than cpBO the nucleate
boiling assumption is also discarded and a film boiling mechanism is assumed.
The equation of Giarratano and Smith is used to estimate the film boiling hL.
Whenever film boiling is found to occur, it is assumed that film boiling
exists throughout the rest of the liquid and 2-phase region.
195
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C HrA'l PIPE COOLiN JACKLr'i DESIG(tl P!ROGRAM,
C PROGI' il NAME HPCOOL
C IIPWi P'ARAiVIE1EES
C P11t IN'LET PRESSURL - PS1A
C T I; INLE TEE Pr 1- R ' UIE - DEC N
C li INLE-'I OIJrALII'Y - iLFAULr VALUE QIN=O.
C WC FLOJ NA.TE - Ldil/SEC
C l Eiul-H CHlAjILL LLiCMNGFri - INC!HLS
C EILLA INCRi jEN1 LENoTH - INCHES
C THt- iHEAT PIP' TEN-fENRATJ:<E - DEG R
C IPrxIlT PRINl' FLAG - ' TATO1QS/OUTPUT LINE
C I'iUl< FLAG = I FOR i¢XIAL FLOW. INCREMENT LENGTH MIUST EQUAL
C ThRiJ'-, ER LL !GhI' A" A 180 DEGREE TURN IS Ir4Sr:Rl'ED AT'
C TilE END OF1- EA(Il SECTION. DEFAULT FOR HELICAL GEOMEl'RY.
C A1' MA'l I " L FLAG
C iAT-=1 - HSTA-LLOY X
C iATi-2 - S-¢,I4NLESS SI'ELL 304
C :C\T=3 - CuPPLRi
C i-s .iJijv:Fci4 OiF C-TO,'iETRY STATiOS!5
C 4~A CHAjf 'i L 41D'ril - INCiCIEI
C AIS CA IAd.L tlIGHT - INCHES
C L/i'JN D LlA)iu vIDTi-' - il(CHES
C OCURVE DiAirE1ER OF CUPVATURE - IViC SF%
C AWJALL WALL ,EI JST/\iHiK- - Il-SFC-R/iT'
C X,'OS GLO;1L I 'iRY STAI iOr!S - IIiCHF5
C#++*+******-+**s ****.***fl+4*lr1** **w***4****X+4i***e**********~****+********.
.)Il,,SiON' X',~S(2b .(P')),L)CIfRV1(25),RW' Ll(25),XPOS(25),
±ltiA,4.v (2!) ,XAAC(2,) F 'X.F. (25) ).'C(100) RC2( 10" ,RCG(100)
R8 ,'L L!NGTH, LAl'::,
AE.L I ST/INI',tUf T/p-' N, T 'ii a l C LEhlGIHi DE LX, TiiP, IPRINTMATNP,
1 X L XTiSLAl.JW, ,CUNIVFIWALL, XPOS
J Ck tj* ,, jl 1 0 ])lrfl-; rl[R
P1:, I I NJJ-
C
C lRt.~u A,,1 L I.~ .tqp.,Fr P:AI-'A~ iiCRI
C
Ii'l,, L;~'[=I
wi. I(o, I :N )
T 0 T- 
C S f,*< CALCULAT I (;HOG
Dv iZI1 , IjUFI
X/Ag ( 1 ) =X~iS ( i ) ~X l'S ( I )
I XL-_;.;:(I):Z*.*XAXC(j)/(XWSS(I) XIS(I))
ICvud1 =IF'i< I'1 Il-i
JCuUiJl:=10
XL-=O.
CALL PlR~i> (PIflI 1,~',~, irC, pC, VCCC, Cp-fPC E )
PC :.P 1I:
TC-I IN
WRi,.'l t (, 106tt3l1 )
WJsi lL(6t,i]1) ','C, [:1!4 ~ I 
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WRilE(6,1 0,5O)·
C CACLuLATL CH'NHi.rJ!EL GE()NETZY "
C
IUO CALL PRO (PCT' C,Q,EC,RC,VC, CCCPCpVEC, )
CALL Sl'IP(XF'OS,XAXC'NPpXL.,AXC-J)
CALL S .Ir! [P ( XiOS,XDEG., NP, XL DCO t J)
CALL SI' P(X'O', ,/wALL.,NP XL, J 'J
CALL SINTP(XPOS,XW tSNPXLP,.S,J)
CALL -SIITP(AX'OS LAtJLLDffP',XL, XWLt, .J
CALL SItITP ( ,i0S CUC VE IJP P XL t DCUIl;,J )
CALL Sif'P(X 'OSX TSNP PXL ISpJ)
XLi '"XL+DEL A
CAL-L SIN'THJ(XPOS, X/. XCtNFp',XLrpAXCNJ)
AoiR = (AXC+AXC 4)/,.
C
C CALCULATL WALL 1EMPERATIIRE
CALL HLDI) (PCfLC, DP_,VWC, AXLP.!Lp TW)
CAZmCOiD (T I, M,~.1 .)
FiLr,( (2.= HL)/(X:L *Cvl) ) **0.5*.TS
HLfFF= (2 · *LCi.;?/X L ) ** r0.5: T~N(F I i)
HLI5AH= (XV:L/(XWL +- wS) )*HLLFF +( WS/(.WiL + WS))*HL
U= 1. / ( 1. /HLiAR,. i< )
TW_ l tl- U*RW' ( rFP- I C )
CALL jHLWC[;E (I i'pT!fRv;4,I .E OFLX, Ib')
IFtINi:~.E~s.;) Uf3ViO 110
CM-CONi (Tw ,v;AlT)
FII;=((2.*HL)/(XWL 4ICN:))**O.5*T,
iL.FF (2. *11L*C F,/X;:L. ) *,0.5-1AN;H (Fli')
, LuAR= (X'¢,L/ (XL + WS)) )I. HLLFF + ( WS/ (XWL 4 WS.) )*HL
U= 1./(1./HLiAI-- k*W)
rWT jIF- lJ*i;* ( l -C-rC )
C
C CALCULATE FRiEC ALT FPLSURX ROP
C11;2 12C=u-FLUX(SXI)LX
C UT=ICOUN'F-t-1(
C CALCULAI_ FR1C1 IO1Al PRESSWRE I.YROP
VE'L zl14. 4*WC /(/AxC*RC)
IF(JCOUHIj.GT.47) GO TO qi3
.34 IF(ALdS(ICOUNFr-ipIINT),-(~,.0): GO To 3t>
JO0 IFCXMACH .&T-.l.1) bO l'O 37
.IF(AL .GE.-LE116Ti-) GO TO0 6 00(
C
C SULVL CUiSERVAlI()Ii EOUJATIOH~S ACIROSS SECT IO!,i
C
ECo-EC
CALL POPf(PCT . I(CLL,.CECP.C ,(I)XFE,OAXCCAXCPXVMACS1)
31 TLF 'F*(RE O ( fOLj; ")*S2)E DENS 'O.5
i12 PCU=,'C-IDP-F
ICOONT,=ICOUXQ + 1
Z14 . W  pX *R )
( ,;1 ,S   '1
3 F ( b5( N -IF/ffdN  . 0 )~ O .X,
5t F ( CH .VT .1. (U) W  T O 
 (X .(E.L~ WGtT;-   er
C
  OOtSERv' 'TIOL CEOUATIOiIS IR SS I !'i
I=i
 KL
CALL F'{P(PC'3,1CWo,[)CbpPIARvt() ,XVCpXCCXCPpXVJSp1)
( ITLRAT r: ON CULL 51LiE DLNSIfY
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500 PCk-=PC-DPF+ (iC C/AAR)*(i./(RCAC)-./(RCG()*XC)) *4.47
ECc= EC + UC/WC + (./64.4)* C C*(./( C*AXC)**2.) -
1 l./( (RCG{(I)*AXCPN)~*2.))*2o.2
CALL FROP(PCZTC2,,pFCC2,FRC'(I),XVCXCCXCPXVS,1)
DRC(I)-=RC2(I)-i<Cr (l)
DELt,-=A3S ( W)RC ( I ) )
RUjd<z=A3S ( (RC2 (1) 4liCS (I) )/2. )
C CHll.CK DELTA I<,CO FOi, CO'VEROErjCL
IF(1.GT.98 )GO TO 503
IF((UELR/HPAi' ).Lf..0001) GO TO 5U2
C IICRNMENT COLD Sl!i'E DEiNS[I'
C
IF (ILVEH(I).I-.O.1) bO TO 50±
CM-(h~CG (I )-RCG (I-l ) ) / (l-C ( 1) -Dsc (I-1 ) )
HCCo ( i+i ) keCG t I )-CN*UC {i (C )
I:~+1
60 To 500
DU1 RCU(i+1)=0.99 9*PCG(I)
I--,+i
GO TO 500
b02 PC-PC2
RC-IK2 (1)
E-C:EC2
TC:IC2
XL- XLL tL ELX
C
C CALCULATE TUkhNING LOSS wi-HEii APPLiCABELE
C
IFIf URN) 100b t50,100
b50 iRELR: ( X'ijL+SvS) / 2. * Ej )
IF(hkLLR.GT.1-.5) GO rO 551
E&L- (5; > .-23. *R EL R ) DECK *I .5
GO 10' 552
bbl REL L1.55*REKLR
REbL:U . 60b*Rr'Lk+7 . I
RE 1'=2 . 22*K,-LR+6. 6'7
ELFL- (KEST+RESL+kESU/2. ) *DEU
b5 '. CALL DPFTPD(iL('L, CwCPEC PFCt Dt'T, X',f P) DE(, Ai3ARp X,)
PC; -:i -DPT
GO 10 100
5U35 w .I- (6,9999) UL.LR
9999 FCivAIT'(ti-UOUX,'I1'ERATIVE SOLUTION 'r(T t7.ALAICE E9IJATIONS nOES NOT C
O1'vE i<E° DELTA ,Fj'FSI'[T :'-7.g)
GO Yo 999
C
C P'RO6KANI OUTPUtr SLC TION
C
43 .¢4'E~' E( u. ( , 02 )
wkR i (6,iOU })
JCuUNI i:
GO 1o0 b
b Wk hE (ot,1UU4)XLPC, C, 'p,VEL, HL.,RE, TS,wS,/XCOQCUJM,FLUX
i , CcUi-,T=CCF U i-t
GO l'0 58
o7 w- rt.(OPI,5) XL, XkiCHi
GO TO 999
oU 0 't;,i Ir' L. (o 61 01 )P
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W lt. (lO6) 's vceo, ,
DF Pi' - PC' '
DT- A S(TC-T I N) 
,'JRi 1 l (e, 100) - 7 lPit,!i , PC OP' TIN, rTC ,T, O(:)Jr
WRi f E (6,i 0l0)
WJ Ti. L(bP1009) (XPVU( IJ) PXTS( IJ), X', IJ) , Lt/'LW(TJ) ,lCURVE( TJ) P
1R4ALL(IJ) t IdJ1, lNP)
GO rO 999
1UOl FOxI,MA'I'(1I1,'bX - ,,'AFROJFT LIL.)ID ROCKLEI COMIPANY,//30XX 'HEAT PIPE TE
AChhoLOGY FOR ADVANCED 'OCKLT TfhRUS'I Ct!AMr;ERS'// 46X, 'COOLING JACKE
bT DESIGN PROGHRAI',,)
iu02 F'U'Mi 1 ( ' l)
1U03 F0ktAT T(2X, 'POSiTION PRESSURE TEMPERATURE QUALITY VELIC CITY
IF1 i -EYNuL iiS% PASSAGE FLOW AREA HEAT HEAT
A ' ALL'/
' 2tX, ' COE
oF'F-' C I ENT ,'q ?4:. jR 1?EI (JHT--W r D I4 ADD I TION FLUX
u TP' I /
4 2X,' iNCHElS p5IA UEG R FT/SEC (BTU/
IN'.'-SEC-R) INChES SQ INCHES BTI1/SEC (BTU/IN2-S
uEC) DEG R'//)
lUO0; FOiiHAT( 4XtFbj.ll-FIO.):,FIlfIl.',Fl.l12EI2.4,2F7.2,F9g.3,FllolpF1
i2.2,F-6.0)
105 FOiqHAT(1F ,l0X,'StATION ','6.2,' INCfiES - MACH NUJMiER =',F6.0)
lu06 FUi,'MAT(1tHi ///SlX, 'Li)ESIGN SlI'A'RY StEET')
IU07 FWMkAI'(lii I// LCAi "IEAT' PIPE I'EMPERA'ILF.E =',F6.1,' DEG R'//
i uA, 'IPRE'SUIE: INLE[I' ',F.i ,' P5IA, OUTLET =',F6.I,' PSIA, 0
2ELIA P =',F6-1,' pSIA'//
j u'A, ' EIPtE RAT JR!i: 1 NLET ='FO. 1, ' f OUtrLET =', F6. ,' Rt OELT
4A '1 =',Ft, ) ' R'I//
b 4+X,' 'O [AL iEAT TI<ANSI:rIB KATE -',F. 1i ' rTU/SEC'//)I
1oUO FO01AT( iH //'7X, 'GFO,'iNETRt rAF ALE'//30X,,POSISION PASSAGE
iLAiL) WIDTH HEATI PI'PE TH-.R',AL WvALL'/
3OX,, HFIGHT--WIDTH
5D I A,'c'F.R RE', I lSTA',CE'/
bo0XP' INCHES TINCHES
b liijHES INIiClIES ( ]t42-SEC-" '/f3-U) 'I//)
lu09 FOViAtT(1H p30XpF/7.lPF9,2?F'/.2F10.2,2F12.1)
1111 FORP'Al'(It ////'5X, 'M;IASS F.lOW RATE =' tPF6.3 ' LFM/SEC'//30Y 'INLET P
iRESSUIJE =' ,Fou.l' P1 A I, LET TLMPERATUFRE =',F6.1,' R'////)
ENO
SUbROUTINE 'lLtil[(1,P, D, WAAC,HL,TW)
C
C FILi COEFFICIENT OF- DIPqOiAINE 'AS I.IOIJID, TWO-PHASE, OR GAS
C
DA'iA/PCRIT/5d1 ·/
CALL PROP (P, [, P i-I,!1-tO, VIS, CON ;CP, VS, i)
C BULK PROPERTY iL FOi' GAS
RLE=W*U/(AXC*VIS)
PR-CP*VIS/COi
IF(O.LT.10,) GO T1'0 1
I IL-U 02J6*RE*:(1 . i*P!: 4.*' , 33 * CON/D )
REl UiiN
C BULK PROPERTY IlL FOR LIQUID AND) TWO-PHASE BASED ON VAPOR PROPS
I TS=I'SATDb (P)
IF(INB.EO.3) GO TO '+
HL-u.02i*RE*~O·~.:'*PR*'*O.4*(CON /0)
RET UR N
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C RE-EIJTER SUBROUTINE WITH CALCULATED WALL TEMPWRATURE
ENTRY HLWCDd(TWTHPoRWiHL#aFLUX,INb)
IF(PGT.PCRIT.OR.Q.GE.1.0) GO TO 2
IF(I4B.EO.3) GO TO 4
IF(T¢J.LE.TS.ANL).G.LE.O.) GU TO 3
IF((.GT-.U.) 'O TO 4
TWNNd=TS+b-O.
QNb=(TfP-TwNLB)/RW
V="/(AXC*RHO*1728.)
QbO=0.8+0.00056*V*(TS-1)
IF((V*(TS-l')).GT.3000.) OB=1.4+QO.00012*V*(TS-T)
IF(UNb.GE.Q0O0) GO TO 4
TW- VNr.3
QFLUX=ONk3
HL=.,0
INLo=2
REIURNI
C SUPEkCRITICAL OR GAS
2 XUl1.
CALL P'ROP(PTWXGP'THWRHOWVISWCONWCPW,VSW,2)
HL:HL*(VIS/V/ISW)**U.14 *0.382
II N =l
RE I UIRq
C FORCLO COHVECTIOk LI'NUID
3 RE=.W*D/(AXC*VIS)
PR-CP*/IS/CON
fL-O. 023*RE**O.68*PR**U.4*(CON4/D)
Illb=l
RE1 URN
C FILM LBOILING
4 X=1l.
CALL PROP(P,[SXO,HXRpOVPVISCONCPVS,2)
RE-W*D/(AXC*VIS)*(RIlOV/RI40)
PR=CP*VIS/CON
CALL PROP(Pt 'fW X,-tH'W, RIiOWP VIS1WCONWCPWpVSWp2)
IF (0.Lrf.UO.0'4) o=0.0(04
FX=-.71828**(-.185-.252*ALOG(¢)-.00767*(ALOG(O))**2.)
IILO. U26*RE**O. 8*PP**0 . 33*(CON /D) *FX* (VIS/VISW) t*0.14
I Nb=3
RE URN
ENL
SLOu:ROUT I NE UPFTPD(UELTL, vJHuP f DPFpREpDAXMACH)
C
C FRiCTIONAL PRESSURL DROP
C
CALL PROPF(P, rpHP,i-O, VIS, ONlCPPVSP, 1)
IF(-.LT.1..0.AND.c..T.O.O) GO TO 10
RE-W*D/(A*VIS)
F=U.014
IF(RE.LTo2.6E+b) F=O.3164/RE**0-25
DPF =144L.*F*uELTL* (W/A) *2./ (2.*32.2*RHO*D)
XMACH=l144.*W/(RHO*A*VS)
RET UR N
10 XQ=O.O
CALL PROP(P, I ,XQXiHi'HOL_,)-VISCONhCPVSL,2)
RE=a'D/(A*VIS )
F=O J 014
IF(RL.LT-2.6L+5) F=0.316'4/RE**0 .2b
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DPFIL=144.*F*DELTL* ( I/A)**2./(2. *32.2*RHOL*D)
X=l.1.0
CALL PROP(P I', XQX-!,RHOVVVIStCONCPkVSV,2)
RE=W'i*D/ (A*V IS)
F=u . 014
IF (RN .LT.2.o -E5) F=0 .316q/R, '*0.25
DPFV144.*F*D9ELTL*IW/A)**2./(2.*32.2*RHOV*O)
DPF=OPFL* ( ( (1.6* (t)PFV/DPFL) -1 .)/0.85) *0+1. )
IF (Q. GT.O.85) DPF=LPFL* ( (-4 .* *09+5.)*(DPFV/DPFL))
ALPHA = (RIHOL-;NHOU)/ (IHOL-RiOV)
C =SGRT(l./( (ALPIHIA*RiHOV+(1-ALPHA)*RHOL) * (ALPHA/(RHOV*\SV**2.)
A + (1-ALPHA) / (RHOL:*VSL**2. ) ) ) )
XMLCH1=144.*W /(RHiO*A*C)
RE' URN
ENo
SUBROUTINE PRiOP(P, FiH,-RHOVISCON,CPVS"Ki
C
C PROPERTY INTERFACE SU3ROUTiNE
C:
CALL PB2H6(PtT,(,HRHOFVISCONCPK)
VS=1000.
REiTURN
ENDi
SUbROUTINE PB2H6 (P,T,QHRHO,VISCON,CPK)
C ********************4********************** ***: *******************
C
C
C PRuPERrIES OF IB3ORANE (!32ii6)
C P PRESSURE - PSIA - INDEPFNuANT VARIABLE
C I TEiMvPERATURE - DEG R - INDEPENDANT VARIABLE (IF K=2)
C QUALITY - INDEPENDANT VARIADLE (IF K=2)
C H ENTHALPY - BTU/LBli - INDEPENDANT VARIABLE (IF KI1)
C RHO DENSIIY - LBM/FT3
C VIS VISCOSITY - LBRf/IN-SEC
C CON CONDUCTIVITY - 3TU/IN-SEC-R
C CP SPECIFIC HEAT - 13I'U/LbrM-R
C K INDEPENDANT VARIABLE FLAG
C
C
C ********************************************************************
DIIMENSION XT(41),CPVAP(I41),CONVAP(41),XP(52),XHLIQ(52),PSAT(29)h
1XTSAT(29),HX(15),TX(15)
COMMON/SATL/PTAB(12) / rARRAY/XXT(15p12)/ZARRAY/XZ(15,12)
C CALCULATEO PYHSICAL PROPERT'IES OF DIBORANE (82H6) IDEAL GAS
C TEmPERATURES-R FOP CALC. PkOPERTIES FOR CP AND COND.
DAlIA/XT/130. 20(j., 250. .300. 350. 4U00. ,450. .500. 550. .600. ,650.,
1 70U.'750. ,6O0. ,850.,900, .950. ,1000. ,1050.,1100. 1150. 
2 1200. ,1250. ,1300. ,i350. ,lUO. 1450. ,1500. ,1550., 1600. ,
3 1650. 1700. 1750. 1800. 18bO. 1900oo. ,1950. 2000. 2050. t
4 21U0. 2150./
C CALC. HEAT CAPACITY (BTU/LbM) FOR (B2H6)
DATA/CPVAP/.297, .305, .319, .337, .356 .381 .412, .*448 .490' .532 .570.
1 .60Uo6, .645, .680, .715, .745, .780 .810, .840, .870, .900no, .926.
2 .95~4, .977,1.001,1.024,1.048,1.065,1.076,1.105,1.120,
3 1.137,1.154,1.170,1.183,1.200,1.211,1.225,1.2375,1.250,
4 1.260/
C CALC. THERMAL CONDUCTIVITY (FjTU/IN-SEC-R) FOR (B216)
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OAIA/CONJVAP/.-0(!)006-5 .COOOb55 .O0U00 7 4O.0000865P.000105.OOO13 5sF
1 .00r,1b',.00O02450,.00029b0,.0003450,. 000395,.000450,
a · .00506(, .00057100 ·O.OGOb320,. 00O6900, .000750 .000810,
3 .008770,·000900,·O.01U0OO0,. 0010600,.001130,.001195.
4 · 001250, .O013L-O ,.0013900.O014500,.nO1500o.001560,
5 *.001.62unO,.0016c00.001l7400O.001l8000,.001850.o001910oP
6 *OO 001,)ldO.U020LO0, .00209U0Ot.002l400P.0O2200/
C VAPOK PRESSURE OF IPOFAAiJE (32H6) (PSIA)
DAIA/XP/60.,70.,fa..'90.,1OU. O110.pi20.'130.P140 .'150.p16 0 .P 1 7 0 .'
I 1lG. , 19(J. ,2O. .- 10. t220. ,23. p240. ,250. ,260. ,270. 280.,
290. ,300. ,310.,320. ,330. ,340. .350. 360. ,370. 380., 390.,
3 4O{.} 4l(j.t4O1 ..,430.4tliG.,450.,460. t470. ,480. ,490. ,5u00.
4 510. ,520.,530.,540. .550. 560. 565./
C LliqUID EINTHALPY (bfl)/LLM)
DATA/XHLIG/-lG5.85'-81 .·o0-7/.o0-73.t--69.0'-65.5p-61.5,-58.U,-54.0,
-DO .6{]-47.:'.-4q). 5-40'9,-37.5p - 3 4 . 8 ' - 3 1 .9 t- 2 0 .0 '- 2 6 .5 '
2 -_4.00] ,-20.0,-19.2,-17.4,-15.5,-13.5,-12.0,-10.5,-09.O.
s -8.G0,-06.5,-0b.2,-4.0,-2.5,-1 .O,0.8,2.6,4,5.6.0,8.5'
4 10.5;,135.5,16.U, 19.3.23.0,26.0.30.5,35.0,39.0,p44.5,
b 50.00,57.5p61.),65.5/
C PRLSSURE ARRAY FOR TSAT
DArA/PSAT/ .345, .680,1.17i0oPl.93,2.90o,4.40,6.3o0,9.oo00,12.5.17.1#
I 22.5,29.5,37.5,47.5,59.,74.5.90.8,110..132.,157.,
2 164. .218. 251. ,290. 333.,385. 440. ,508.5 850./
L SAIUiATION TEMP/i TURE
DA I A/XTSAI-/ 24L0. 250. ,260. ,270. 80. .290. 300.. 310. .320. 330.,
1 34. .350. ,36.,370..380. 390. '400.,410..420.'430.
2 4'440. t450. ,460. ,470. 480. 490. 500. ,510. 520./
C ENItiALPY VS I'ErPERATUJRE FOR THE GAS ****************************
C TEiFPERATURE ARRAY FOR (AS ENTHALPY CURVE
DAIA/TX/ 3UO. 500. .600. .70.0 0. 800 o ,9o 00. 1000. ,1100. ,12o00.,
I 1300. '1400.,lb00. ,17 00.,19 00.' 2 10 0 ./
C GAO ENrHALPY ARRAY
DAIA/HX/O.,49 .2,98.2)15 5. 2 ,219 .2p 2 9 0.2P3 6 8.2,45 2 .2,542 .2 '
~I ~ 637.2,737.2.842.2t,1066.2,1302.2,1550.2/
CALL SINTP(PSATXTSATf29,PTSATJ)
HVAP = 1.-06lOI14E+2 +9.679c434E-2*P -2.3361827E-4*P*P
I +8.313233E-6*P*P*P
IF(K.EQ.2) GO TO 2
CALL SINTP(XP XliLIGQ,52,PHLIQJ)
Q= (i-hLlQ) / (iVAP-HLIQ)
IF(O.GT.1.0) 0=1.0
IF(U.LT.0.0) Q=O.0
IF(Q.LT.l.U.ANO.{.GT.0.0) GO0 TO 6
IF(G.LT.1,0) GO 10 5
DH=H-HVAP
CALL SINTP('XHIX,15,TSAT HijJ)
HA-H30+D0-I
CALL SINJTP(liXTX, 154HATJ)
CALL DINTJTP(XXTPTAS, XZp 15.12, TPZ)
RHO=144.*P/(Z*55.6*T)
CALL SINTP(XTCPVAP,41 T,CPPJ)
VIS -(-3.1102421f-4 +9.9464+888E-4*T -2.6373923E-7*T*T GAS
1 +4.0967973E-11*T*T*T)*1.E-6
CALL SINTP(ATCONVAP,41, TCONPJ)
CON=COrN*.001
REI URN
s T:;SAT + (H-HLIO)/.66
RHO = 3.6116509E+1 -7.3016070E-3*T -6.1401123E-5*T*T LIQUID
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1 -7.253J656E-9tr*T*T
VI=(0.0142/(2.71828**(0.UU895*T)) )*1.0E-2
CON = 9.2495476E-7 + 1.00060b88E-8*r -3.211365E-11*T*T LIQUID
1 +1 84O5U016E-14+*T*T*T
IF(f.GT.400.) CON=-5.C-9*T+3.E-6
CP = -4.4b72575 + 8.7777?717E-2*T1- -5.8864402E-4*T *T LIQUID
I +1.9271491E-6*T *F *T -3.090025E-9*T **4. +1.955869qE-12*T **5.
IF(r.Gl.480.) CP=i1.
RE-I'JRN
b T=lTSAT
CALL DINTP(XXTtPrA3,xZ,15,l2,TrPZ)
RHI-uV=P*144. / (Z*55.6*T)
RHUL:- 3.6116509Ef1 -7.3016d70E-3*T -6.1401123E-5*T*T LIQUID
I -7.253365bE-9*T*T*T
Rki - 1./(Q/IHOVt(1.-;)/HI _)
CALL SINTP(X rCPVAP, 'l TCPdJ)
CALL SIflTP(X[rCO.JVAP,41,TwCONt#J)
COIJ=CON*. uo 1
VlI =(-3.11024Ž,1E-4 +9.9.464388E-4*1 -2.6373923E-7*T*T GAS
1 +4.096/9/3E-tl1*-* r*r) *L . E-6
RE I uf'lN
IF(U.GT.O.O.AND.. .LT.1.0) 60 TO 4
IF(u.Lr.i.O) GO TO 3
CALL SINTP(TXiXlbFTHTJ)
CALL S.NTP (rX, HX, 15 TSAT, HSATC J)
H=t iVAP+ ( HT-HiS'ATC )
GO ro 1
3 CALL SINTP(PSAT',XT-'AT, 29PPTSAT,J)
CALL SINTP(XP, XlI-LI(~i, 52P, HLIQJ)
CF)L!AR. · 66
H=hL I G+CPIAR* ( r- FSAT)
GO TO 1
4 CALL SINlP (XIX I-LI(,52,P, HLLloJ)
IIVAP = 1.0621014E+2 +9.679L434E-2*P -2. 3361B.U7E-4*P*P
11+o 55323EL-8*P*P*F'P
H=*i:VAP + (I.-W)*HLIO
GO 10 1
ENL
BLOCK DOATA
C VAPuH DENSITt OF Dl3ORArIE ([12Fb6)
COiilmON/SATL/FPTAF (12)
COip,;OiNi/TARAY/I1 50 (15) PTT1UU((15),TT150 (15)PTT200(15),TT2'0(15),
± TT300(15),T135bO(15),T1400(15),TrT450(15),TT500(15),
c~ TTr550 (15) ,1T571 (15)
CONNaON/ZARRAY/XZ5u(15),XZlU0O(15),XZ150(15),XZ200(15),XZ2 50(15),
1 XZ301(15),XZ350(15) ,Xi400(15),XZ450(15),XZ500(15),
a;~ ~ XZ550U(15)XZ571(15)
C PT/u(12) =F'RESSURE TA3BULATION ARRAY
C TT(15) =TEHP&ERA1LJRE ARRAY
C XZ(15b) =COMNiFESIR;BILTY FACTuR,=FP/RHO* RT
DATIA/PrFAt/ 5. 1OO. ,150. ,200. ,250. ,300. ,350. 400. 450. ,500. 
550. ,571./
DAIA/1-50/ 378.0. 400-Or 425.0, 450.0, 460.0,
1 490.0, 520.0, 565.0, 600.0, 645.0,
-a 680.0, 710.0, 735.0, 900.0, 1500.0/
DAIA/I 100/ 404.0t 425.0, 450.0, 460.0, 470.0,
1 490.0, 520.0, 565.0, 600.0, 645.0,
2 6L30C.0 710.0, 735.0, 900.0, 1500.0/
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DA -I A/ l rr5lo/
i
iDA l i/l 26 0, /
IU i A/1 ' 061
L
j)ik AI/T f25P/
1
e
DAi It i 30J0/
1
I
DAiA/1 T3bo/
I
O AI A/T '1 40(0/
D Ai A/l T 450/
1
D2
DA1 A/ r OU/
1
Dh IAA/[T 5b(/
1
CIA AITT57] /
1 DAtiA/XZ5U/
DAi A/XZ1GO/
I
DTI0 A/XZ150/
I
-1
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a .86c7j, .9o 0 0 0 .926,')Pi.Jooo,1.0000/
DAIA/XZ550/ .4537 .4-U20, .5499, .600o0, .6400,
.667UJ .711 .7.500, .7770, .8090,
' .853U, .q91(], .9250,i.0000,..0000,
DAIA/XZS71/ .30O(, .4000, .4020 .b4lO, .5960,
1 ./401, .7000, .7050, .7700, .8000.
' .w. 5 , .930 W .9231.00uOO,1.0000/
ElU
FOnjC r I ON TSA i L)ci. ( p )
C
C SAi ORATION T. VMERAI"URE AND POLZSSURL OF DIbOkANE
C
l)iiElISfIOl PjSAT ( 29) vxr.Ar ( 29)
C Pr{LSSURE ARRAY FOR TSAT
DAiA/PSAT/ 3 . 680, 1. t0,1.93,:.9O,4.40,6.30,9.00,12.5t7.1,
i 22.b, 29.5,37.,47.5,59. 74.5',90.8llO., 132. '157. ,
g 1ti4., ;21 '. 25l. 290 .t,33. P385. ,i ell O . ,508., 580./
C SA'l J.RAT Il ON 1LMPEjrTUNRVl
i)A';/xr SAr/ 2- O. ,A250.,#260.,270. ,u'80.,290.,300.,3tlfl.,32n.,330.,
1 34 . 55 .. 3u . , 3570) . 3580 .390. P 40O .Pl,410 . 20. , 430. ,
L 440 . # 04 .40 ., ,4qo 4. , 7i). , 480 . .490. ,500. ,510., 520./
CALL SINi' ( ' AT, XTSAr,29,1',TSAT,J)
TS i I u-,=TSAT
REIE U'/~N
E-di.<,Y PSATOi3(T)
CALL S[NTP(XiSAT, iAT,),'TPSA ,J)
TS- I[Uf3Pi'SA[T l'iAl3 : S 
ENL/
FUlhCIION CON.U(' ,:AT)
C
C T~vr,I1.,XAL COiLijC 'r J v I TY oi- SEL.EC rED MA TER 1 ALS
C
c 'Ft !Lfoi'lAL coloiuJCTr IV r IF:Si - 3'ru/iN-SbEC-I)FEG 
C K" .I HASTALLOY X, 530 - T - 2100 OEG R
C K=: STAINLESS 5ju4, 3j - T - 1500 OEG q
C K=j C OPPER. 160 - T - 2260 DLG R
C K'=4 NICKEL, 535.-T-2260. DE(b i
Di iClH ISIONi rlil(9) ,C¢1(9), rTi2(u) ,C;@2,(f6) *,r;,43(13) ,Cr^3(13)
1 , I mPi l 3 ) , CM4 ( 13 )
DAiA r-/b0m. 660.,. )60. 1060. 1460.,1560.,1760. ,1960.,2160./
)AI A Cl/ OU 3IU .00014 ? , .( 0 109 .0U00193 p . 000265, . 100277 P .000306,
I .OU00335,.00 03&L4/
IA  ,/rT,42/3O U, 500 . 750, L uL. , . 1250. ., 1500. /
DA IA/C i2/1.51 I .78 1,2 .6 ,2 .7P,2 .65. 13/
AI /A 1M3/1bO- ,6j. 4,0. P ).,535 . ,660. ,P60. 1060l,. 1260. P.146n.,
I 6o{J . , 1860 . P 2UU . , 2260. /
SATA/C.M3/7FUO .,5730.,5545. ,5430.,5/9O.,5115.,4965. .4850.,
I l/35. P 6i15. lP+!512. 441,. 4315./
uAI /Tf4/53'b P660. 860.lO,1000.,12i)0.,I460.,1660.,1860.,2060.,2260.,
124'0. P 660. 2 , 80u./
DA f: /64 / A57- P,9 f. ' 795 ., 61. 6,220. , 667. P 735. , 783. P 775. PP, 2. P -73. ,
£ 915. 951./
IF-(,l ATI.E.2). GO 10 2
IF(,;A'r.E ,,.3) 6u '1 -
IF(A .AlC.g. 4 ) 6 I-0 4
CAL-L SI ITl'l( I,,C j,9, T,C, I)
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CiqJi-C
R9 1 U<N
CAL ,SI INTF'{(I,2,CC,2 P6,TpC ,1)
CON0=C/10000.
I-AC1 Jr<,'4
CALL SINTl'(c :',CiA3,13,1,Ctl)
C0,qj=C*1 .E-O
.RL UrIN 
CALL SINtJP(U'fII+-C/.i4.. 31 .C,1)
C O.Lz-C * 1. E-6
RE T uiJ
ENLJ
FUiNCIIO!,I IEVc-N\(I)
C It: I IS EVEN, ItFVEN-2,
C=-FLVAT((I)/2-
K=. i-IX(C)
D=I-F LJJT (K)
E=W -D)
IF(L.LT.0..) GO -IC 1
IL9vL'k I
KL'I URN
IEv Nu =2
R L i uR N
ENt.
C
C
C
C
C
C
C
C
I OuD, IEVEi=1
SUUi <UI'ij TlE SiN'P ( t; ,V,N,X Y, Ir
PUiC-ILO IN 026 SYf{/,L)LS
SiFMLL LINLAR IlRt{I)OLA1 1G; POUTINL
I)1,LErjIsiON U ( ) V (j.)
uDO 1 I-2,%,
J=,L
2 I =,-1
Y=v(l) + (v(J)-V(I)) * (X-u(I)) / (U(J) - I(I)
RE'l UiI
ENu
Su=:ROu rINE uWlJ:' (U. V, WgVrUp fVYa'YZ)
PuitCiiE,) IN U0d6 SYIJi)Ls5
***** [)0JiLE 1-'itu:i(OLh TIu, SLJiD;iOU[INE ** **
C U(uuit)L ,.., K~)
C VV(h)
C W'(,J,-)
C NU
C NV
C X
C Y
C Z
C
= Ai<-A ' OF A I 'S/,: ( IN:WJPfLN iENl ) VALUES
= AiRtJAY OF !-'ARA.:ETLI< ( 11NDlEPEilDEINT) VALUES
• Atk,; i' OF Oti'D'I:ATL (D1.PENDENT) VALUFS
= iNU'iLi-3L O- i\tY-;CIS VALUES
= NUt3LUk OF PAIkA',E:'iE? VALULS
= INi'Ui APiSCISS'A ViLUl'-
= IN.'JT FPA:AIMF TFiR vAl Ui:
A N: W,: .F
D I I'lv. I 0N JU (4U Fi ) f v ( 1 ) P, , (tfi, I )
CAL. SlNTPl((v rl,lIv, (,YpI)
CALL SINTP(U( II) .;;(1 I) ,N ,YXZA,K)
CALL cSINl'P(U(1,]+.%) ," (1 ,I41) ,NUPX, Z[,K)
Z= +(ZN-_A) * (Y-\ ;(1))/ (V(I+I)-V(I))
ikd: i UOM!
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Figure Al - Coolant Passage Thermal Network
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The potential errors in surface temperature measurement and in the heat
flux values inferred from these measurements were investigated by performing
a two dimensional conduction analysis of the thrust chamber wall in the region
of the thermocouples installed on the copper thrust chamber delivered to JPL
on Contract NAS 8-713. The system analyzed and a portion of the thermal
node network utilized is diagrammed in Figure B1. The chromel-alumel
thermocouples are stainless-steel sheathed, .051 cm (.020") in diameter, and brazed
in place. The junction is formed by fusing the end and griding it flat. This
flat end is installed flush with the thrust chamber wall. The thermocouple
junction was assumed to be located at the centerof the fused end. In the actual
installation the junction end is rounded off slightly and a small fillet of
braze material forms in the vicinity of the junction when the thermocouple is
installed. The effect of this braze fillet is unknown and was not considered
in this analysis.
Most of the thermal resistance values were calculated using standard
numerical techniques for conduction in cylindrical coordinates. The lone
exception was the first thermal resistance radially outward from the thermo-
couple centerline. This value was calculated utilizing the following equation
which is the solution for radial temperature drop in a disk of radius r which
is heated on the top, insulated on the bottom, and cooled on the side. Neglecting
the axial temperature drop, this becomes:
2 dTQ = r = k (2 T rt) drdr
2
AT _ r Q
radial 4 kt 4 T kt
2O9
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Therefore, the thermal resistance connecting the centerline node to the first
node radially outward is defined by the following equation.
R - ~T _ 1
thermal Q - 4 r kt
Analysis of the conduction network for a range of assumed surface
heat flux values yielded the thermocouple junction temperature as a function
of time for each assumed heat flux. These results were then treated as test
data and used as input to a data reduction computer program which assumes one-
dimensional conduction and calculates surface heat fluc as a function of time
given surface temperatures vs time data. Comparison of the heat flux values
calculated from the junction temperature to values obtained from the temperature
history of a one-dimensional copper wall indicated the error to be expected
in heat fluxes calculated from the surface thermocouple data. Input heat
2fluxes ranging from 326 to 1300 watt/cm were assumed and analyses were performed
for junction thicknesses of .0051 and .0254 cm (previous experience has shown
that the fused end thickness is in this range). Time increments of .01 to
.05 seconds were utilized in the calculations.
Typical results are given in Figures B2 and B3 which show the thermocouple
junction and one-dimensional copper wall temperatures histories and the ratio
of heat fluxes calculated from them for assumed gas-side heat flux values of
2326 and 1300 watt/cm . The thermocouple temperature is higher than the actual
copper wall temperature because the conductance down the length of the thermo-
couple is higher than in a copper wall. When this thermocouple temperature is
used as input to the data reduction program, erroneously high values of heat
flux are obtained. This is indicated by the heat flux ratio which is greater
than one. At short time periods (20.5 seconds) the heat flux ratio is large, and
Page B-2
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heat flux errors in the range of 40 to 200% are indicated. In addition, the
error appears dependent on heat flux, junction thickness, and time.
Quite different behavior is evident after about one second has elapsed
as the error becomes relatively independent of heat flux, junction thickness,
and time. The error tends to approach a constant of about 20%. This longer
time interval case corresponds approximately to athrust chamber firing where the
chamber pressure is steady for one second or more. Test durations of 3 to 4 seconds
are planned for the FLOX/GH2 injector checkout tests and it is believed the
injector can be characterized sufficiently well by using only the data obtained
after 1 second of steady chamber pressure. The experimental error in these
heat flux data can be accounted for by simply reducing the indicated heat flux
by 20%.
211
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